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This paper investigates the relative contribution of various interaural cues to binaural unmasking in
conditions with an interaurally in-phase masker and an out-of-phase digo&m). By using a
modified version of multiplied noise as the masker and a sinusoid as the signal, conditions with only
interaural intensity difference@IDs), only interaural time differencedTDs), or combinations of

the two were realized. In addition, the experimental procedure allowed the presentation of specific
combinations of static and dynamically varying interaural differences. In these conditions with
multiplied noise as masker, the interaural differences have a bimodal distribution with a minimum
at zero 1ID or ITD. Additionally, by using the sinusoid as masker and the multiplied noise as signal,

a unimodal distribution of the interaural differences was realized. Through this variation in the
shape of the distributions, the close correspondence between the change in the interaural cross
correlation and the size of the interaural differences is no longer found, in contrast to the situation
for a Gaussian-noise maskd@domnitz and Colburn, J. Acoust. Soc. ArR9, 598-601(1976)].

When analyzing the mean thresholds across subjects, the experimental results could not be predicted
from parameters of the distributions of the interaural differerittess mean, the standard deviation,

or the root-mean-square vajué\ better description of the subjects’ performance was given by the
change in the interaural correlation, but this measure failed in conditions which produced a static
interaural intensity difference. The data could best be described by using the energy of the
difference signal as the decision variable, an approach similar to that of the equalization and
cancellation model. ©1999 Acoustical Society of Amerid&80001-496629)03808-4

PACS numbers: 43.66.Pn, 43.66.Ba, 43.66[D¥VG]

INTRODUCTION to be more sensitive to signals producing ITDs than to those
producing IIDs (Yost, 1972a; Grantham and Robinson,
Interaural time differencedTDs) and interaural inten- 1977.
sity differenceq1IDs) are generally considered to be the pri- Besides sensitivity to static interaural differences, the
mary cues underlying our ability to localize sounds in thebinaural auditory system is also sensitive to dynamically
horizontal plane. It has been shown that at low frequencie¥arying ITDs (Grantham and Wightman, 197&nd 1IDs
changes in either ITDs or IIDs affect the perceived locus of dGrantham and Robinson, 1977; Grantham, 1984 a con-
sound sourcéSayers, 1964; Hafter and Carrier, 1970; Yost,S€quence, BMLDs occur for stimuli with dynamically vary-
1981). Besides mediating localization, it has been arguedng interaural differences. When an interaurally out-of-phase

that the sensitivity to ITDs and IIDs of the auditory system isSlrluSOIdaI signal is added to an m-phgse noise masker with

o : . .the samgcentej frequency, the detection threshold may be
the principle basis of the occurrence of binaural masklanp to 25 dB lower than for an in-phase sinusoidal signal
level differencedBMLDs) (Jeffresset al,, 1962; McFadden

i . ; (Hirsh, 1948; Zurek and Durlach, 1987; Breebaattal,,
etal, 1971; Grantham and Robinson, 197When an inter- 199 For such stimuli, both dynamically varying 1IDs and

aurally out-of-phase sinusoid is added to an in-phase sinyTps are presentzurek, 1991. Experiments which allow
soidal masker of the same frequency, i.e., a tone-on-tonge separation of the sensitivity to 1IDs and ITDs in a detec-
condition,static [IDs and/orstaticITDs are created, depend- tjon task with noise maskers were published by van de Par
ing on the phase angle between masker and signal. Thes@d Kohlrausch(1998h. They found that for multiplied-
interaural differences result in lower detection thresholds fonoise maskers, the thresholds for stimuli producing only [IDs
the out-of-phase signal compared to an in-phase sigfwst,  or only ITDs are very similar.

19723. In terms of the signal-to-masker ratio, subjects tend ~ These “classical” paradigms used in the investigation
of the BMLD phenomenon with static and dynamically vary-

ing interaural differences exploited different perceptual phe-
dElectronic mail: kohlraus@ipo.tue.nl nomena. For the experiments that are performed with noise
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maskers, the average values of the IIDs and ITDs for a In the present study MaS stimuli will be used which
masker plus signal are zero, while the variances of theseontain either IIDs, ITDs, or combinations of both cues for
parameters are nonzero. The addition of an out-of-phase sigrhich the ratio between the static and dynamic component
nal to a diotic noise maske(i.e., the production of time- will be varied over a wide range. This allows one to perform
varying interaural differencess usually perceived as a wid- a critical assessment of whether detection data can be cast
ening of the sound image. For tone-on-tone maskingvithin a framework based on the IIDs and ITDs. A second
conditions, however, a static interaural cue is introduced angloint of interest of this study is related to an alternative
detection is based on a change in the lateralization of théheory that has become very popular for describing binaural
sound source. One notion which suggests that these situdetection which relies on the cross correlation of the signals
tions differ from each other is that the binaural system isarriving at both eargcf. Osman, 1971; Colburn, 1977; Lin-
known to be sluggish, as has been shown by several studigemann, 1986; Gaik, 1993; van de Par and Kohlrausch,
(Perrott and Musicant, 1977; Grantham and Wightman1995; Stern and Shear, 1996; van de Par and Kohlrausch,
1978, 1979; Grantham, 1984; Kollmeier and Gilkey, 1990;19984a. In these models it is assumed that the change in the
Holube, 1993; Holubet al, 1998. These studies show that interaural correlation resulting from the addition of a signal

if the rate at which interaural cues fluctuate increases, th&o a masker is used as a decision variable. In fact, Domnitz
magnitude of the interaural differences at threshold increaseand Colburn(1976 argued that for an interaurally out-of-
also. It is often assumed that this reduction in sensitivity isphase tonal signal masked by a diotic Gaussian noise, a
the result of a longer time constant for the evaluation ofmodel based on the interaural correlation and a model based
binaural cues compared to the constant for monaural cued the distribution of the interaural differences will yield
(Kollmeier and Gilkey, 1990; Culling and Summerfield, essentially the same predictions of detection. Thus, theories
1998. Another demonstration suggesting that the detectiofpased on the cross correlation are equivalent to models based
of static and dynamically varying interaural differences ison thewidth of the probability distribution functions of the
different was given by Bernstein and Trahioti997). They interaural differences, as long as Gaussian-noise maskers and
showed that roving of static [IDs and ITDs does not influ- sinusoidal signals are used. However, this equivalence is not
ence the detection of dynamically varying interaural differ-necessarily true in general. In the discussion it will be shown
ences, indicating that binaural detection of dynamically varythat the theories discussed above do not predict similar pat-

ing cues does not necessarily depend upon changes i8rns of data for the stimuli used in the present experiments.
laterality. Specifically, by producing stimuli with unimodal and bimo-

One of the proposed statistics for predicting binauraldal distributions of the interaural cues, we can make a critical
thresholds is the size of the change in theanvalue of the ~comparison between theories based on the IIDs and ITDs
interaural difference between the signal and no-signal interand theories based on the interaural cross correlation. Such a
vals of the detection task. For example, studies by Webstgfomparison is impossible for those MaStudies which em-
(1957, Yost (19723, Hafter (1972, and Zwicker and Hen- ploy Gau55|an—n0|s§ maskers and sinusoidal signals.
ning (1985 argued that binaural masked thresholds could be N summary, this study has a twofold purpose. On the
described in terms of just-noticeable differendgsl’s) of one hand, it intends to collect more data with stimuli produc-
the 11D and ITD. For stimuli for which the mean interaural INg combinations of static and dynamically varying cues. On
difference does not change by adding a test sigmal, in an the other hand, we wanted to collect data with stimuli pro-
MoS# condition with Gaussian noiseit is often assumed ducing different shapes of the distributions of the interaural
that changes in theidth (e.g., the standard deviatipaf the differences. Specifically, the employed procedure enables the
distribution are used as a cue for detectifurek and production of stimuli with both unimodal and bimodal dis-
Durlach, 1987; Zurek, 1991The parameters of the distribu- tributions of the interaural differences. These data may sup-

tions of the interaural differences are generally considered tBYY considerable insight into how detection thresholds for
be important properties for binaural detection. It is unknown combinations of static and dynamic cues can be described.
however, how the sensitivity for stimuli producing combina-
tions of static and dynamically varying interaural differences
can be described in terms of these parameters.

An attempt to describe the combined sensitivity to static ~ Because of its specific properties, multiplied noise al-
and dynamically varying interaural differences was made byows control of the fine-structure phase between a noise
Grantham and Robinsof1977. They measured thresholds masker and a sinusoidal signal. As already mentioned by
for stimuli producing static cues as well as dynamically vary-Jeffress and McFaddefi968, control of this phase angle
ing cuest They found that the thresholds for signals produc-allows the interaural phase and intensity difference between
ing static cues only were very similar to thresholds forthe signals arriving at both ears in an Me$ondition to be
stimuli producing a fixed combination of static and dynamicspecified. Multiplied noise is generated by multiplying a
cues. They discussed the data in terms of the mean interauraigh-frequency sinusoidal carrier by a low-pass noise. The
differences at threshold, which were very similar for the twomultiplication by the low-pass noise results in a band-pass
conditions. Such an analysis does, however, ignore the comoise with a center frequency that is equal to the frequency
tribution of dynamically varying cues for detection in those of the carrier and which has a symmetric spectrum that is
conditions where these cues are available in addition to statiwvice the bandwidth of the initial low-pass noise. For our
cues. experiments, we modified this procedure by first adding a dc

I. MULTIPLIED NOISE
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FIG. 2. Probability density functions of the instantaneous value of a Gauss-
ian noise with a constant rms value of (left pane) and the resulting
multiplied-noise envelopéight pane). The three curves indicate different
values of the static component of (8olid line), 1 (dashed ling and 2
(dash-dotted ling

M Fig. 1), the fine-structure phase of the right ear lags the fine-
FIG. 1. Vector diagrams illustrating the addition of an interaurally out-of- structure phase of the left ear W I, _howeve_r’ the instan-
phase signalS andS,) to an in-phase maskeéM) for a=0 (left pane) and  taneous value of the low-pass noise is negative, and the same
a=m12 (right pane). signal is added, the fine-structure phase of the left ear lags
the fine-structure phase of the right ear $#yThus, the in-
value to the Gaussian low-pass noise before multiplicatiorieraural phase difference has changed its sign. Due to sym-
with the carrier. The effect of using a noise with a nonzerometry around zero in the instantaneous-value probability
mean is explained in the following section. density function of the low-pass noise, the probability for a
certain positive interaural difference equals the probability
for a negative interaural difference of the same amount.
For the following description we assume an interaurallyTherefore, the distribution of the interaural difference is
in-phase multiplied-noise masker and an interaurally out-ofsymmetric with a mean of zero.
phase sinusoidal signéle., an MoSr condition. An addi- The static component is defined as the magnitude of
tional parameter is the phase angldetween the fine struc- the dc component added to the low-pass noise with a rms
tures of noise and sinusoidal signal. If the frequency andralue of 1 and zero mean. Fer>0, the mean of the low-
phase of the signal that is added to the left ear are equal eass noise shifts to a nonzero valgashed and dash-dotted
those of the maskdw=0), we can form a vector diagram of line of Fig. 2, foru=1 and u=2, respectively. If the rms
the stimulus as shown in the left panel of Fig. 1. Here, thevalue of the noise plus dc is held constéie., set to 1, the
vector M (the masker rotates with a constant spedthe  width of the instantaneous-value probability density function
frequency of the carrigr while its length(i.e., the envelope of the low-pass noise becomes narrower with increaging
of the multiplied noisg varies according to the The resulting envelope probability distribution of the
instantaneous-value distribution of the low-pass ndsend  multiplied noise is shown in the right panel of Fig. 2. For
S, denote the tonal signals added to the left and right eary=0 (solid ling), the distribution function is half-Gaussian,
respectively, whild. andR denote the total signals arriving while for increasingu, the distribution becomes narrower;
at the left and right ears. Clearly, the vectarandR differ ~ for u approaching infinity, the envelope has a mean of one
only in length, thus only IIDs are present for this stimulusand a variance of zero.
configuration. The decreasing variance of the envelope probability dis-
If the fine-structure phase of the signal lags the fine-ribution with increasing static component has a strong effect
structure phase of the carrier by2 (i.e., «=7/2), as shown on the behavior of the interaural differences that occur when
in the right panel of Fig. 1, the resulting vectdrsand R an Sr signal is added. If, at a certain time, the noise enve-
have the same length. Howev&,lagsL by ¢. Thus, only lope is large, the phase lag in the above example is relatively
ITDs are produced. In a similar way, by adjusting the phasesmall. Adding the signal to a small masker envelope, how-
anglea to /4 or 3w/4, combinations of 1IDs and ITDs can ever, results in a large interaural phase lag. Thus, the width
be produced. of the masker envelope probability distribution determines
Because the instantaneous value of the low-pass noigbe range over which the interaural phase difference fluctu-
changes dynamically, the envelope of the multiplied noiseates. A wide distribution implies large fluctuations in the
constantly changes with a rate of fluctuation dependent oimteraural difference, while a very narrow distribution im-
the bandwidth of the low-pass noise. The effect of the addiplies only small fluctuations. Because an increase of the
tion of a dc component to the low-pass noise before multi-static component results in a narrower envelope probability
plication with the carrier can be visualized as follows. If no density function, the range over which the interaural differ-
dc component is added, the instantaneous value of the lovence fluctuates becomes smaller. Consequently, the dynami-
pass noise has a Gaussian probability density fun¢e@P cally varying part of the interaural difference decreases.
with a zero mean and rmsl, as shown in the left panel of We also showed that for a zero mean of the low-pass
Fig. 2 by the solid line. If the instantaneous value of thenoise, the overall probability of a positive interaural differ-
low-pass noise is positive, and anarSignal witha==/2 is  ence equals the probability of a negative interaural difference
added to the multiplied-noise mask@ee the right panel in of the same magnitude. If a static component is introduced,

A. Multiplied noise as a masker
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however, the low-pass noise has a nonzero mean. Hence thas a strong effect on the probability density functions of the
probability of a positive interaural difference will be larger interaural differences that occur. This aspect will be dis-
than the probability of a negative interaural difference. Con-cussed in the next section.
sequently, an increase of the static component results in an
increase in the mean interaural difference. C. Probability density functions of the interaural cues

In summary, an increase of the static component of the ) ] )
multiplied-noise masker results for the Ms®ondition in an For a given phase angtebetween sinusoid and masker
increase of theneanof the interaural difference and a de- C&rrier, & certain static componeatand a fixed signal-to-
crease of theange of fluctuationsThus, by controlling the ~Masker ratio S/M, the probability densities of the resulting
value of the static component, binaural stimuli containing!!PS @nd ITDs can be calculated as shown in Appendix A. In

different combinations of static and time-varying interauralF19- 3, the probability density functions for the interaural
differences can be created in an MeSondition. intensity difference are given for three valuesyofind S/M
for the two conditions that the masker consists of multiplied

o ] ) noise (left panelg and that the signal consists of multiplied

B. Multiplied noise as a signal noise(right panel$. The upper panels show the IID probabil-

We now consider the situation where the roles of theity density function fora=0 (i.e., only lIDs), the lower pan-
multiplied noise and the sinusoid are reversed. The maskedls show the ITD probability density function far=/2
consists of an in-phase sinusoid, and the signal consists of dhe., only ITDs. The solid line represents no static compo-
interaurally out-of-phase multiplied noise with a carrier hav-nent (u=0) and a signal-to-masker ratio of15 dB, the
ing the same frequency as the sinusoidal masker. If the phast@shed line represengs=0 and S/M=—30 dB, while the
lag between the left-ear carrier and masker is Zere0), dotted line represents SA#30 dB but with a static com-
this stimulus produces only 1IDs. Far=m/2, only ITDs are  ponent of u=1. Clearly, for u=0, the probability density
present. A phase lag ak=w/4 results in 1IDs and ITDs functions are symmetric around zero. Furthermore, a smaller
favoring the same ear, while a phase lagnef37/4 results ~ S/M ratio results in narrower distributions. Finally, we see
in 1IDs and ITDs pointing in opposite directions. Again, by that if the maskerconsists of multiplied noise and=0, the
adding a static component to the low-pass noise, a mixture dirobability density function has minimumat zero(the dis-
static and dynamically varying interaural differences istribution is bimodal, while for a multiplied noisesignal the
achieved. probability density function shows maximumat zero(the

Two important differences exist between the stimulusdistribution is unimodal
described here(with a multiplied-noise signa) and the
stimulus described in Sec. |Awith a multiplied-noise ||. METHOD
maskeJ: (1) in the present condition, the envelope of the
masker is flat, and besides interaural differences, the sign
also produces fluctuations in the envelope of the waveforms A three-interval three-alternative forced-choice proce-
arriving at both ears, an@®) anincreasein the multiplied-  dure with adaptive signal-level adjustment was used to de-
noise signal envelope results in mtreasein the interaural termine masked thresholds. Three masker intervals of
difference, while the opposite is true for the case with a400-ms duration were separated by pauses of 300 ms. The
multiplied-noise masker envelope. This reversed relation besubject’s task was to indicate which of the three intervals
tween multiplied-noise envelope and interaural differencecontained the 300-ms interaurally out-of-phase signal. This

aAT Procedure
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signal was temporally centered in the masker. Feedback was
provided to the subject after each trial. In some experiments,
the reference intervals contained an Mo masker alone, while
in other experiments, an MoSo stimullise., both masker
and signal interaurally in phaswas used. The rationale for
these different procedures is explained in the next section.

The signal level was adjusted according to a two-down
one-up rule(Levitt, 1971). The initial step size for adjusting (3)
the level was 8 dB. After each second reversal of the level
track, the step size was halved until it reached 1 dB. The run
was then continued for another eight reversals. From the
level of these eight reversals, the median was calculated and
used as a threshold value. At least four threshold values were
obtained and averaged for each parameter setting and sub-
ject.

B. Stimuli

All stimuli were generated digitally and converted to
analog signals with a two-channel, 16-bit D/A converter at a
sampling rate of 32 kHz with no external filtering other than
by the headphones. The maskers were presented to the sub-
jects over Beyerdynamic DT990 headphones at a sound pres-
sure level of 65 dB. The multiplied-noise samples were ob-
tained by a random selection of a segment from a 2000-ms
low-pass noise buffer with an appropriate dc component and
a multiplication with a sinusoidal carrier. The low-pass noise
buffer was created in the frequency domain by selecting the
frequency range from a 2000-ms white-noise buffer after a
Fourier transform. After an inverse Fourier transform, the
addition of a dc component and rescaling the signal to the
desired rms value, the noise buffer was obtained. All thresh-
olds were determined at 500-Hz center frequency. In order to
avoid spectral splatter, the signals and maskers were gatgd)
with 50-ms raised-cosine ramps. Thresholds are expressed as
the signal-to-masker power ratio in decibels.

Thresholds were obtained by measuring the detectability
of an interaurally out-of-phase signal in an in-phase masker
(MoSm) in the following four experiments:

(1) The masker consisted of in-phase multiplied noise, while
the signal consisted of an interaurally out-of-phase sinu-
soid. In this experiment, the reference intervals con-
tained only an Mo masker. Thresholds were obtained as
a function of the static componet=0, 0.5, 1, 1.5, and
2) for =0 and a=m/2 and masker bandwidths of 10
and 80 Hz. The rationale for this experiment was to in-
vestigate binaural masked thresholds for combinations of

study thresholds for unimodal distributions of the inter-
aural differences. The reference intervals consisted of
in-phase sinusoids combined with in-phase multiplied
noise (i.e., MoSq. Thus, the task was to discriminate
between MoSo and Ma§ so that the subjects could not
use the fluctuations in the envelope produced by the sig-
nal as a cue for detection.

The masker consisted of an in-phase sinusoid, while the
signal consisted of interaurally out-of-phase multiplied
noise. For similar reasons as in experiment 2, the refer-
ence intervals consisted of in-phase sinusoids combined
with in-phase multiplied noise. Thresholds were ob-
tained as a function of the bandwid¢hO, 20, 80, 160,
320, and 640 Hrof the noise foru=0 and «=0 and
a=m7/2. This experiment served to check for possible
effects of off-frequency listening in experiment 2. Be-
cause the noise bandwidth is larger than the bandwidth
of the masker(the sinusoigl, an auditory filter that is
tuned to a frequency just above or below the masker
frequency receives relatively more noigggna) inten-

sity than masker intensity. Furthermore, this difference
increases with increasing signal bandwidth. It is there-
fore expected that for signal bandwidths beyond the
critical band, off-frequency listening will result in lower
thresholds compared with the case of a signal of subcriti-
cal bandwidth. If off-frequency listening influences the
results in experiment 2, the parameters of the distribu-
tions of the interaural differences cannot be compared
between experiments 1 and 2, since peripheral filtering
would alter these parameters significantly. To investigate
at which signal bandwidth this effect starts to play a role,
we determined the bandwidth dependence of the thresh-
olds for this stimulus configuration.

Similar to experiment 1, the masker consisted of an in-
phase multiplied noise, while the signal consisted of an
interaurally out-of-phase sinusoid. The reference inter-
vals contained an Mo masker alone. In this experiment,
thresholds were obtained as a function of the fine-
structure phase angle between masker and signal for
a=0 (only 1IDs), #/4 (1IDs and ITDs which favor the
same eat 7/2 (only ITDs), and 37/4 (IIDs and ITDs
pointing in opposite directions No static component
was presentu=0). The masker had a bandwidth of 10
or 80 Hz. In addition, an in-phase sinusoid was used as a
masker. This experiment served to investigate the effect
of the phase angle, for both dynamically varying and
static interaural differences.

static and dynamic interaural differences, for bimodalTable | shows a summary of the experimental conditions that
distributions of the interaural cues. Two bandwidthswere used.

were applied; a narrow one in order to produce slowly

varying interaural differences and a bandwidth corre-|||. RESULTS

sponding to the equivalent rectangular bandwidth at 500
Hz (Glasberg and Moore, 1980producing interaural
cues which fluctuate faster. In this way the influence of
the rate of fluctuations is investigated.

)

A. Experiment 1: Multiplied noise as masker

In Fig. 4, the four lower panels show the detection

thresholds for four subjects as a function of the static com-
The masker consisted of an in-phase sinusoid, while theonent for experiment 1. The upper panel shows the mean

signal consisted of interaurally out-of-phase multipliedthresholds. The filled symbols denote the [ID conditi¢as
noise. Thresholds were obtained for the same parametet0), the open symbols denote the ITD conditiqas=/2).
settings as in experiment 1. This experiment served td@’he upward triangles correspond to a masker bandwidth of

983  J. Acoust. Soc. Am., Vol. 106, No. 2, August 1999
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TABLE I. Table showing the experimental variables of experiments 1-4.

Experiment Masker Signal Noise Static Reference
No. type type bandwidth(Hz) component a intervals
1 Multiplied Sinusoid 10, 80 0,05, 1, 0, @2 Mo
noise 15,2
2 Sinusoid Multiplied 10, 80 0,05, 1, 0, @2 MoSo
noise 15,2
3 Sinusoid Multiplied 10, 20, 40, 80, 0 0, @2 MoSo
noise 160, 320, 640
4 Multiplied Sinusoid 10, 80 0, 0, /4, Mo
noise infinity 72, 3mld

80 Hz, the downward triangles to 10 Hz. Most of the threshthe 80-Hz ITD condition. The other conditions show ap-
olds are in the range of 30 to —20 dB. Generally, we see proximately constant thresholds for the mean data, indepen-
that the mean thresholdapper panglshow only small dif- dent of bandwidth and physical nature of the interaural cue.
ferences across bandwidth or physical nature of the(iceie Because of the small differences that were found in
[IDs versus ITD$. Within subjects, however, some system-these two experiments, a multifactor analysis of variance
atic differences are present. Subjects MV and JB showWMANOVA) was performed for the results shown in Figs. 4
higher thresholds for the 80-Hz conditions than for the 10-Hzand 5 to determine the significance of the different experi-
conditions, while for subject MD, the 80-Hz 1ID thresholds mental variables used in the experiments. The factors that
are lower than the 10-Hz IID data. Although within and were taken into account weré&) the multiplied-noise band-
across subjects thresholds vary by about 10 dB, the meanidth, (2) the masker-signal phase angle (3) the static

data do not show effects of that magnitude. componentu, and(4) the masker typémultiplied noise as
masker or signal The p-values for the effects that were
B. Experiment 2: Multiplied noise as signal significant at a 5% level are shown in Table II.

In Fig. 5, the detection thresholds for experiment 2 are Thus, significant factors are
. . . (1) the masker-signal phase angle a change from
shown as a function of the static component. The format IS,_0 to 7/2 results in a mean decrease in thresholds of 1.4
the same as in Fig. 4. The 80-Hz ITD ddi@en upward '
triangles are systematlcally 4to _5 dB Iow_er than thre_sholds (2) the static componen: an increase fromu=0 to 2
for the other stimulus configuratioriespecially for subjects . . ]
. results in an increase of the thresholds by 3 dB;
MD and MV). For these subjects, the thresholds show an ) iy .
increase of up to 6 dB with increasing static component for (3). the masker type: on average, conditions with a
multiplied-noise masker have 2.2 dB lower thresholds than

conditions with a multiplied-noise signal.

18 VD 10Hz Banduidtn Significant interactions are
-20 A !ID80Hz Bandwidih (1) the multiplied-noise bandwidth combined with an
-25 v ITD 10tz Bandwidth increase from 10- to 80-Hz bandwidth results in a decrease
-30 A ITD 80Hz Bandwidth
-35} mean
-15
-15 ¥ 1D 10Hz Bandwidth
3_20 -20 A )ID 80Hz Bandwidth
=)
$-25 )
@ -25 ¥ ITD 10Hz Bandwidth
0 -30 & ITD 80Hz Bandwidth
-35F mv sp
—35F mean
-15
-15
-20
_-20
25 W g . = é E
=-
-30 5,
-35} ib md
0 05 1 15 2 0 05 1 15 2 ] A
Static component mu Static component mu -15
-20 ? % é §
FIG. 4. Detection thresholds for an out-of-phase sinusoidal signal added t
an in-phase multiplied-noise masker far=0, 10-Hz bandwidth(filled -25
downward triangles a=0, 80-Hz bandwidth(filled upward triangles -30
a=m7/2, 10-Hz bandwidthlopen downward triangl¢sand a=/2, 80-Hz I nd

bandwidth(open upward trianglgsThe four lower panels show thresholds

S ! 0 05 1 15 2 0 0.5 1 15 2
for individual subjects, the upper panel represents the mean across fol Static component mu Static component mu
subjects. Error bars for the individual plots denote the standard error of the
mean based on four trials of the same condition. The error bars in the uppéflG. 5. Detection thresholds for an out-of-phase multiplied-noise signal
panel denote the standard error of the mean across the mean data from theéded to a diotic sinusoidal masker as a function of the dc compgnent
four subjects. Same format as Fig. 4.
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TABLE Il. Factors and their significance levels according to a multifactor
analysis of variance of the data shown in Figs. 4 and 5. Only those factors -1s5 ¥ 10Hz Bandwidth

(upper threp and interactionglower two) which are significant at a 5% 20 *’_,.I.—/'IF\{- A 80Hz Bandwidth

level are given.
-25 %: $ :@’—/’:—‘/@ m Tone-on-tone

Effect p value -30
Phase angler 0.01120 _?: =
Static component 0.00073 - _/+\'\-
Masker type 0.000 01 -20

Noise bandwidth and 0.024 24 -25 w
Noise bandwidth and masker type 0.006 42 a0 W

-35 mv sp

of the thresholds by 5 dB for the ITD-only conditions, while  _2

the 1ID-only conditions are similar; 25 %
(2) the multiplied-noise bandwidth combined with the _,,

masker type: the above interaction is only seen for a _J| nd

multiplied-noise signal. For a multiplied-noise masker, the 0 p/a pi2 3piid 0 e

thresholds forx=0 ande= /2 remain similar with changes alpha alpha

in the masker bandwidth.

S/M [dB]

FIG. 7. Detection thresholds for an interaurally out-of-phase sinusoid added
to an in-phase sinusoi@quarey a 10-Hz-wide multiplied noisedownward
triangleg, and an 80-Hz-wide multiplied noideipward trianglesas a func-
C. Experiment 3: Bandwidth dependence of a tion of the fine-structure phase angle between signal and masker carrier. The
multiplied-noise signal lower four panels show thresholds for four subjects, the upper panel shows
the mean thresholds.
In this experiment, thresholds were determined as a

function of the bandwidth of a multiplied-noise test signal thresholds for intermediate bandwidtfi., 40 and 80 Hg
added to a sinusoidal masker. Figure 6 shows the detecticwhiCh is consistent with the data from e>,<periment 2
thresholds as a function of the bandwidth of the multiplied
noise fora=0 (lIDs, filled triangles anda=#/2 (ITDs, open _
triangles. Both for the ITD, and 11D conditions, the thresh- D- Experiment 4: Dependence on  a
olds remain approximately constant for bandwidths up to a  Figure 7 shows thresholds for experiment 4 as a function
bandwidth of 80 to 160 Hz, while for wider bandwidths, the of the phase angle between masker carrier and signal. The
thresholds decrease with a slope of 7 dB/oct of signal bandower four panels show thresholds of four individual sub-
width. The measure of 80 Hz of the auditory filter bandwidthjects, the upper panel shows the mean thresholds. The down-
agrees with the monaural equivalent rectangular bandwidtiyard triangles refer to a masker bandwidth of 10 Hz, the
estimates of 79 Hz at 500 Hz center frequency from Glasbergpward triangles refer to a masker bandwidth of 80 Hz and
and Moore(1990. Furthermore, we see that, on average, thehe squares to the tone-on-tone condition. The latter has al-
ITD thresholds are approximately 5 dB lower than the IID most always the highest thresholds being 3 to 7 dB higher
than thresholds for the noise maskers. Furthermore, a small
A decrease in thresholds is observed i increased from 0 to
20 & 712 for the 80-Hz-wide condition. For the 10-Hz-wide and
the tone-on-tone conditions, the thresholds are independent
of a.

-40f mean

IV. DISCUSSION
A. Effect of a

If the overall means of the data presented in Figs. 4 and
a0} mv s 5 are considered, the IID thresholds are on average 1.4 dB
higher than the ITD thresholds. This value is roughly in line
-20 with the observed 3 dB found by van de Par and Kohlrausch
(1998h. Furthermore, the data shown in Fig. 7 show a minor
influence of the masker-signal phaaefor both static and
a0} i md dynamically varying interaural differences. Many studies
- . . - have been published which present differences between ITD-
10 Bandwidih [Ha] 10 Bandwia [Hz] only and IID-only conditions varying between8 and+6.5
dB (Jeffresset al, 1956; Hafteret al, 1969; Wightman,
FIG. 6. Detection thresholds for an interaurally out-of-phase multiplied 1969 Jeffress and McFadden. 1971: McFadeeal. 1971
noise signal added to an in-phase sinusoidal masker as a function of ti\():v. ’ ) ’ ' o
bandwidth of the noise for=0 (filled triangles and a=m/2 (open tri- ightman, 1971; Yost, 1972b; Yost ?I-a 1974, RObInSOh
angles. The upper panel shows the mean thresholds. et al, 1974. Only one study reports differences that deviate
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from these data with differences of up to 16 @Brantham The experiments performed in our study clearly belong
and Robinson, 19%7We therefore conclude that our results to the first group, because the correlation of the masker is
are well within the range of other data, although there doeslways one. The fact that our results do not show any differ-
not exist much consistency about the influencexadn de- ence between the 10- and 80-Hz-wide conditions runs
tection thresholds. counter to an expectation based on binaural sluggishness. If

If the thresholds fow=n/4 anda=3n/4 are compared, one tries to characterize the rate at which the interaural dif-
only small threshold differences of less than 3 dB are foundferences change from leading to lagging in each ear, one
Grantham and Robinsdd977 reported differences varying could take the expected number of zero-crossings of the low-
between—5 and+8 dB across different subjects. Also stud- pass noise used in generating the multiplied noise. Roughly,
ies of Robinsoret al. (1974 and Hafteret al. (1969 report if the low-pass noise changes its sign, the resulting interaural
differences within that range. difference in an Mo% condition also changes its sign. Thus,

Corresponding to results from other studieé McFad- the number of zero-crossings represents the number of
den et al, 1971; Jeffress and McFadden, 1971; Granthanthanges per second in lateralization pointing to the left or
and Robinson, 1977 large differences exist across subjectsright ear. For a 10-Hz-wide noise, the expected number of
when the effect ot is concerned. Some subjects seem to bdateralization changes amounts to 5.8 per second, while for
more sensitive to signals producing ITDs, and some to IIDsthe conditions at 80-Hz bandwidth, the expected number is
Thus, one general model can never account for these inte#6.2 (Rice, 1959. On the basis of the expected number of
individual differences. But since we are comparing theoriezero-crossings, assuming that the binaural system is sluggish
and trying to model the general trend, we focus on the meam its processing of binaural cues, a difference in detection
data knowing that individual differences are not taken intothresholds is expected between conditions at 10- and 80-Hz
account. bandwidth. Furthermore, assuming that the time constant for

If binaural detection were based on changes in lateralityprocessing ITDs is longer than for [ID&rantham, 1984
resulting from a combined time-intensity image, differentthe ITD-only thresholds should be higher than than the IID-
thresholds would be expected far==n/4 anda=3#n/4. For  only thresholds for the 80-Hz-wide condition. The
a=l4, the interaural differences in time and intensity pointMANOVA analysis shows that the bandwidth of the multi-
in the same direction and the combined image would belied noise is not a significant factor, indicating that the
lateralized more than for each cue separately, while fothresholds between the 10- and the 80-Hz-wide conditions
a=37l4, the ITDs and IIDs wouldat least partially cancel —are similar. Furthermore, the data do not show the expected
each other. The very similar threshold values suggest thatifference between the [ID-only and the ITD-only conditions
detection is not based on changes in laterality resulting fronfior a bandwidth of 80 Hz. Thus, effects of sluggishness,
a combined time-intensity image. although expected, were not found in this study.

B. Binaural sluggishness

Several studies have provided evidence that the binaura% - Off-frequency listening

auditory system is sluggish. We can classify these studies For bandwidths beyond 80 Hz using a multiplied-noise
into two categories. The first category comprises experisignal, the thresholds decrease with increasing bandwidth
ments that determine the ability of human observers to dete¢see Fig. 6. This is probably caused by the fact that the
interaural differences against a reference signal that contairsgnal bandwidth exceeds the equivalent rectangular band-
no interaural differences. For example, if observers have twidth of the auditory filters. Thus, the signal-to-masker ratio
discriminate a binaural amplitude-modulated noise in whichwithin an auditory filter tuned to a frequency just below or
the modulating sinusoid is interaurally in-phase, from thejust above the masker frequency will be larger than for an
same amplitude-modulated noise in which the modulator i®n-frequency filter, resulting in lower detection thresholds if
interaurally out-of-phase, a substantial increase in the modwff-frequency filters can be used for detection. These off-
lation depth at threshold is observed if the modulation frefrequency effects start to play a role for a signal bandwidth
quency is increased from 0 to 50 H&rantham, 1984  of 160 Hz. This indicates that for the results of experiment 2,
Similar results were found for dynamically varying ITDs where the maximum employed bandwidth was 80 Hz, off-
(Grantham and Wightman, 19)/8However, the time con- frequency listening is not likely to influence detection thresh-
stant of processing dynamically varying ITDs seems to beolds. Hence, the externally presented interaural differences
longer than for 1IDs. Estimates for these constants are apare very similar to the differences after peripheral filtering
proximately 200 and 50 ms, respectivé{grantham, 1984  for all experiments. Therefore, we can validly compare the
Also many binaural masking conditions like MeSall into parameters of the distributions of the interaural differences at
this category of detection against a monaural reference sign#tireshold across experiments with multiplied noise as masker
(Zurek and Durlach, 1987 The second category comprises and as signal.

binaural detection experiments in which the masker has a One noteworthy effect seen in the data which is a sig-
time-varying correlatioricf. Grantham and Wightman, 1979; nificant factor according to our statistical assessment is that
Kollmeier and Gilkey, 1990; Culling and Summerheld, the ITD-only thresholds for a multiplied-noise signal de-
1998. These studies show that modulation rates of interauratrease by 5 dB when the bandwidth is increased from 10 to
correlation as low as 4 Hz result in large increases in deted80 Hz, while for a multiplied-noise masker, this decrease
tion thresholds. does not occur. It is not clear what causes this effect.
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A 80-Hz multiplied signal
FIG. 8. Mean and standard deviation

of the interaural cues at threshold level
at 10-Hz bandwidth (squares and
80-Hz bandwidth(upward triangles
The open symbols represent data for a
diotic multiplied-noise masker(ex-

= 10-Hz multiplied signal
& 80-Hz multiplied masker
& 10-Hz multiplied masker

5 0.6 periment 3, the filled symbols repre-

— =05 sent data for an interaurally out-of-
34 g phase multiplied noise signal
Qg E 04 (experiment 2 The downward tri-
; =03 angles represent the data for the tone-
82 § 02 on-tone conditions (experiment 4
2, ."%“ S D@\- The left panels shows data for the IID-
@ @ 0.1 only conditions, the right panel shows

0 v 0 v data for the ITD-only conditions.

0o 05 1 15 2 25 0 005 01 015 02 025

mean |ID [dB] mean {TD [rad]

D. Models based on the evaluation of 1IDs and ITDs we see that points for 10-Hz bandwidth lie very close to
In this section we analyze the contribution of static andpoints for 80-Hz bandwidth. This is expected, because these

dynamic cues to binaural detection. For this purpose we cor£onditions have very similar detection thresholds. Because
sider the mean, the standard deviation, and the rms of thibe mean and standard deviation of the interaural difference
probability density functions for 1IDs and ITDs at threshold @€ independent of the bandwidth of the signals, similar
for the mean data shown in Figs. 4 and 5. The left panel othresholds result in similar statistics of the interaural differ-
Fig. 8 shows the standard deviations of the probability den€NCes. o _

sity functions for 1ID-only conditions as a function of the ~ The standard deviations for experiment(iled sym-
mean 11D, while the right panel shows the standard devial0lS) are approximately four times smaller than for experi-
tions of the ITD functions as a function of the mean ITD for Ment 1(open symbols To end up with a similar standard
the ITD-only conditions. The open symbols represent threshdeviation for 1IDs at threshold for experiment 2 as in experi-
olds from experiment 1, the filled symbols represent threshtent 1, the signal-to-masker ratio must amount-tbl dB

olds from experiment 2. The squares represent the 10-H#0r ©=0. However, the data show a threshold 621 dB.
wide noise, the upward triangles the 80-Hz-wide noise, and hus, the standard deviations of the interaural differences
the downward triangles the tone-on-tone conditions. Thecannot be used to correctly predict binaural masked thresh-
data at the left side in each panel represen, while from  olds for both experiments.

left to right, the static component increases. With increasing ~ The only data available in the literature using compa-
static component, the mean of the interaural difference atable stimuli are those published by Grantham and Robinson
threshold level increases also, while the standard deviatiofiLl977). Similar to our procedure, they used a noise stimulus

shows a minor decrease.

Clearly, the mean interaural differenceswat?2 for the
conditions with multiplied noise(upward triangles and
squares at the right side of each parek very similar to the
tone-on-tone condition&downward triangles Furthermore,

with a certain dc offset and multiplied this noise with a sinu-
soidal carrier. The resulting bandpass nqi$20 Hz wide
was used as a masker in an Me$ondition. They did not
vary the dc offset, however, but fixed it to a value that cor-
responds tqu=2.05 in our framework. In addition, they in-

A 80-Hz multiplied signal
= 10-Hz multiplied signal
A 80-Hz multiplied masker
9 10-Hz multiplied masker

5 0.6 FIG. 9. Mean and rms value of the
0.5 interaural cues at threshold level in the
o i1 same format as Fig. 8.
S, =04
= E 0.3
02
= .#’0 Lo2 v
0.1
0 ]
0o 05 1 15 2 25 0 005 01 015 02 025
mean IID [dB] mean ITD [rad]
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cluded the tone-on-tone conditions in their experiment. Be- -15
cause of the fact that their 1ID data are relatively high and = Data
their ITD data are relatively low compared to our results, we
focus on the relative difference between the conditions with
noise maskers and tonal maskers. For 1IDs only, Grantham
and Robinson(1977 found a mean IID at threshold of 3.2
and 3.1 dB for tonal and noise maskers, respectively. For
ITD-only conditions, these values amounted to 0.080 and
0.106 rad, respectively. Thus, in correspondence with our 25
data, the mean interaural differences for the tonal masker are 0 1 2 int
slightly lower than for the noise masker far=m/2. From Static component mu
our analysis based on PDFs, it is clear that the close corrgag, 10. predicted values according to a simple interaural correlation model
spondence between the mean values of the interaural cuéiied symbolg and experimental dat@pen symbolsfor an MoSr condi-
found by Grantham and Robinson relies on their specifiéion with a multiplied-noise masker an@=0 as a function of the static
choice of .. Had they chosen a lower value, then they prob-c°mPonent
ably would have found larger discrepancies: o0, the
mean interaural cue is equal to zero at threshold, while foare equivalent. We will now explore whether this statement
large values ofx, mean interaural differences of up to 4 dB also holds for our stimuli. For a diotic masker alone, the
or 0.1 rad may be found at threshold. Thus, the mean intefinteraural correlation equals 1. The interaural correlation
aural difference cannot account for the complete set of datgr the masker plus signal is given BRurlachet al., 1986:
either.

A straightforward way to combine the sensitivity for _ 1-(SH)(M?) 1)
static and dynamically varying interaural differences is to P I (SHi(M?y

consider the rms value of the interaural differences. Figure %vhere(82>/<M2> denotes the signal-to-masker power ratio
shows the rms values of the interaural cues of the mean da is equation holds provided that masker and signal are sta-

of experiments 1 and 2 as a function of the mean mteraurq stically independent. For our stimuli, this is true provided

cues. The format is the same as in Fig. 8. Within one €XPETlthat u=0 or a=m/2. Thus, the correlation is only dependent
ment, the rms value remains fairly constant, although there i "o signal-to-masker ratio and does not depend on the
a tendency for the rms to decrease with increasing mean f hysical nature of the interaural differencee., 1IDs or

the data with a multiplied-noise masker and to increase fo TDs). Furthermore, the correlation is not depéndent on the

the multiplied-noise signal. However, we can reject the rrns'shape of the PDFs of the interaural differences. Therefore,

as a valuable detection varlable. becausg for this measurgomrary to models based on the PDF of the interaural cues, a
too, the values of the two experiments differ by a factor 2

model based on the cross correlation will yielgualthresh-

to 4. olds for experiments 1 and 2, on the condition thatO or
a=m/2 (i.e., masker and signal uncorrelate@his implies
that the statement from Domnitz and Colbyi®76 cannot

Another detection statistic that is often proposed to acbe generalized to our stimuli and that with our stimuli a
count for binaural masked thresholds is the interaural correvaluable way to distinguish between cross-correlation mod-
lation. Domnitz and Colburii1976 argued that for an out- els and binaural-cue-based models is available.
of-phase sinusoidal signal combined with a diotic Gaussian-  Equation(1) is, however, not applicable under condi-
noise masker, models based on the PDFs of the interauréibns wherea# #/2 and u>0. For =0, the interaural cor-
differences and models based on the interaural correlatiorelation can be written asee Appendix B

m  Predicted

S/M [dB]
8
0

E. Models based on the interaural correlation

(M?)—(S?)

p= .
V((M2)+(S?) + (2S M) N1+ 1) (M) +(S2) — (28 M) 1+ 1)

@

From the above equation, we see that the static compdA/e therefore used @decorrelationof 0.0074 as a just notice-
nent has a strong influence on the interaural correlation of aable differencgjnd) in the interaural correlation. From this
MoS# stimulus. We therefore computed the predictions accorrelation jnd, we computed the signal-to-masker ratios that
cording to a simple interaural correlation model for an MoS produce the same amount of decorrelation as a function of
condition with a multiplied-noise masker as a function of thethe static componeni. The computed thresholds are shown
static componenk. The overall mean signal-to-masker ratio by the filled squares in Fig. 10. The open symbols represent
at threshold fora=0 and u=0 in our experiments was the mean experimental data from experiment 1 dctO.
—24.3 dB, resulting in an interaural correlation of 0.9926.Clearly, the predicted values based on the change in the in-
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w |ID 10Hz Bandwidth
A ID 80Hz Bandwidth
< ITD 10Hz Bandwidth
& {TD 80Hz Bandwidth FIG. 11. Predicted values of experi-
ments 1 and 2 according to an EC-like
15 _15 model (solid line) and experimental
data (symbols, in the same format as
_.-20 N W -20 x ¥ v 3 in Fig. 4) for an MoSr condition with
ﬁ A & g 7 v X A FAY = a multiplied-noise maskefleft pane)
s B IR~ 7 25 A and a multiplied-noise signalright
(2} _30 _30 pane) as a function of the static com-
ponent.
-35f Multiplied masker —-35¢% Multiplied signal
0 0.5 1 1.5 2 0 05 1 1.5 2
Static component mu Static component mu

teraural correlation show a large increase in threshold with  Here,T denotes the interval length. In fact, for an MeS
increasing static component. This results from the insensitiveondition, D is exactly equal to four times the energy of the
ity of the interaural correlation to static interaural intensity out-of-phase signal. Hence a model based on this processing
differences. This strong increase was not found in our experischeme would give equal thresholds for all subcritical con-
mental data, implying that a simple cross-correlation mode}jitions (i.e., with a noise bandwidth of 80 Hz or lesbe-
without extensions for static interaural intensity differences;g,se the difference intensiyis directly proportional to the
cannot account for the data. signal intensity. For all Mo% conditions as presented in this
study, the only limiting factor in the detection process will be
F. A new model the internal errors, since the masker can be cancelled com-

The question arises which other detection statistic can ba%Ieter. The mggnitude of this internal error can, in princi_ple,
used to characterize our data. Because the experimental d § S?t 'to anyfixed) valug. We can therefore S|mply derlve'
show approximately similar thresholds across all the experiPrédictions for the experiments 1, 2, and 4. We adjusted this
mental conditions, we propose that a model based on th¥lué to resultin a signal-to-masker threshold value-@2
difference intensitpf the signals arriving at both ears could dB. The predictions according to this model are shown in
be a valid detection statistic. We define difference intensity"igs. 11 and 12. Figure 11 shows the thresholds for experi-
as the intensity in the stimulus obtained when the waveform&ents 1 and 2left and right panels, respectivelyn the

to the two ears are equalized and differenced. This approacgtame format as Fig. 4. The solid line represents the model
is related to Durlach’s EC-theorgDurlach, 1963, but the predictions. Figure 12 shows the mean data of Figexperi-

two are not equivalent: the EC-theory predicts BMLDs, ment 4 combined with the model predictior(solid line).
while this approach describes binaural thresholds directlyWe did not simulate the data for experiment 3, because mod-
Such an approach also differs from a cross-correlation modedling off-frequency effects needs a much more complicated
for stimuli containing static 1IDs. For tone-on-tone condi- model. We are in the process of describing such a model, but
tions with «=0 (i.e., only static [IDs are presenta cross- it is far beyond the scope of this paper to include it here.
correlation model fails to detect the static IID, while the The predictions match the experimental data quite well.
present approach is sensitive to this cue, as will be explainegihere are, however, some differences between data and

below. ) ) ~ model predictions, which can be summarized as follows:
In our approach, an internal interaural delay and an in-

ternal interaural intensity difference are determined whichi) ~ The slightincrease of thresholds with increasing static
tend to equalize the masking signal arriving at the two ears. component(see Fig. 11is not present in the model
These parameters can be obtained from the masker-alone in-  simulations.

tervals. For the signal interval, theaskeris equalized and (i) The fact that the thresholds for a multiplied-noise
subsequently eliminated by a cancelation process. For sig-

nals producing interaural intensity differences, the amount of

signal remaining after the described equalization process in- _, ' 10Hz Bandwidth
creases with an increasing interaural intensity difference;

. . . - - ;
hence, static IIDs can be detected. For MoStimuli, the =~ -2 = - 4 80Hz Bandwidth
masker-elimination process is simply performed by subtract-2_og < @ 5 5 = Tone-on-tone

ing the waveforms at both ears, computing the power of theg
remaining signal and using this as a decision variable. If the
signals arriving at the left and the right ears are denoted by -35
L(t) and R(t), respectively, the difference intensiy is 0 pi/d pi/2 3pi/4
defined as alpha

T FIG. 12. Predicted values of experiment 4 according to an EC-like model
D= j (L(t)— R(t))2 dt. ©)] (solid line) and experimental dai@ymbols, same format as in Fig). for an
0 MoS condition as a function of the masker-signal phase difference
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masker are on average 2.2 dB lower than the data foACKNOWLEDGMENTS
a multiplied-noise signal is not represented in the
model predictions.

(i)  The fact that the tone-on-tone conditiofitdled sym-
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bOIIS, Ilr'l dF'g', 12 g'vi higher threzh?ld.s than the tigations were(in par) supported by the Research Council
multiplied-noise maskergopen symbols in Fig. 12 ¢ £oth and Lifescience@LW) with financial aid from the

_ cannot be understood by this simple model. Netherlands Organization for Scientific ReseafshVO).
(iv) The model's performance is independent of the

masker-signal phase difference while the experi-
mental data show an overall difference of 1.4 dBvif APPENDIX A: DERIVATION OF THE DISTRIBUTIONS
is changed from 0 tar/2. OF INTERAURAL DIFFERENCES

However, some of these effects can be understood by cor# ITD probability density for a multiplied-noise

nasker
sidering the presence of nonlinearities in the peripheral au- . _ . _
ditory system. For example, we can qualitatively account for ~ Figure 1 shows a vector diagram illustrating an interau-
the fact that the ITD thresholds are 1.4 dB lower than the lIDally out-of-phase signah andS;, a noise maskeM, and
thresholds by assuming that peripheral compression at tH8€ resulting signalé andR presented at the two ears. The
level of the basilar membrane has an effect on binauraPn@se angle between masker and signal fine structures is de-
masked thresholds. This issue was already discussed by vaQted bya, the phase angle betweénand R by ¢ (with
de Par and Kohlrausctl998c, 1999 Following their hy- __T’<¢$7)' For the |_nteraural phgs@ a convenient expres-
pothesis, basilar membrane compression results in a decread@” relating the variables was given by Zurgleg1:
of the IIDs in the internal representation and has no effect on T Acosa—S Asina
ITDs, resulting in higher 11D thresholds if the difference in- ¢=5—arctan— ————arctang_ . (Al)
tensity is used as a decision variable. Peripheral compression y A he i | f the |
also has a strong effect on binaural masked thresholds with ere, lr\leptretsffgttf, tderlnséante;?leous vafuedo the low-
different masker-envelope statisti¢gan de Par and Kohl- Eaif no'iz' oGe i'?‘ r?line V\(I;}tsh n?sunmzora ﬁ dczorgpo-
rausch, 1998b Compression reduces interaural intensity dif- entu and a Laussian noise ean zero an S

. which is rescaled to have unit power. This results in a prob-
ferences most strongly for high envelope values. Because

sinusoidal masker has no valleys in the envelope and multéjblllty density function forA given by:

plied noise has many valleys in its envelope, it is expected 1+ p?

that 11D thresholds for a sinusoidal maskeee Fig. 5 are P(A)=\ = exp (= 1/2(— pu+AV1+u?)?). (A2)
higher than for a multiplied noise maskisee Fig. 4, in line
with the observed overall difference of 2.2 dB. This rationale
also holds for the increase in thresholds with an increase " )
the static component. As described in Sec. |A, the statié e absolute derivative ok to ¢:

component has a strong influence on the envelope statistics dA(¢)
of the stimuli, resulting in fewer valleys in the envelope if ~ P(#)=P(A(#)) rrat (A3)

the static component is increased. i ) i
Equation(Al) gives an expression fap(A). However,

However, an EC-like model fails to account for the tone-t deri ion f ion foA -
on-tone data shown in Fig. 12. Here, the tone-on-tone con> Z€'V€ an expression @(¢), an expression foA(¢) is

ditions show distinctively higher thresholds than the condi-needed' We have o study two distinct cases. We see from

tions with a multiplied-noise masker, while an EC-like Fig. 1 that forA=0, $=0 and that foA <0, ¢=<0. A(¢) can

) . : . be derived by inverting EqAl), resulting in a second-order
model without peripheral compression predicts equal thresh- ; . .
olynomial equation which normally has two roots. How-

olds. The inclusion of peripheral compression might acgoungver, according to the above restriction, the solution for
for the fact that the IID tone-on-tone thresholds are higher,

than the conditions with noise maskers. It is more diﬁicult,A(¢) results in

however, to see how compression can explain the difference A(¢)=—Ssinatan¢—m/2)

g\nl';rfreshold between tonal and noise maskers with ITDs + BSVSIP atarf(p—ml2) + 1, (A4)
In summary, the binaural masked thresholds for MoS whereg equals 1 forp=0 and—1 otherwise. The derivative

stimuli in the present study seem to be best described by @f A to ¢ becomes

peripheral preprocessing stage followed by a differencing de- 4 A —Ssina

vice that calculates the difference intensity of the signals %:m

from the left and right ears and uses this output as a detection

variable. Although such an approach cannot account for all BSsir? a tan (¢— m/2)

data presented here, it provides better predictions than a + = .

model based on the probability distributions of the interaural cos’ (¢—ml2)sin’ atarf (¢—m/2)+1

differences or a cross-correlation moger se (A5)

The phase probability densip( ¢) can be written as the
roduct of the probability density foA(¢), multiplied by
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Now, all parameters for EqA3) are known and(¢)
can be calculated.

2. lID probability density for a multiplied-noise
masker

Again, B8 equals one forg=1 and —1 otherwise. The
probability density function is then given by E@3), where
A(¢) has to be taken from E@A9).

The IID probability density function is given as in Eq.

(A8), however, with

+10M10
A()\) = SWCOSQ

The probability density function for the 11D can be de-
rived in a very similar way as was done for the ITD. The
interaural intensity difference is defined as

N 20| IR| 101 A2+ S?+ 2AScosa A6 \/ 1+10V19\2 2

— g T Y97 oS cosa (A6) TSN M| ioigrm) cose (ALD)
Inverting the above equation results in whereB=1 for A=0 and—1 otherwise.
A= S 1+10'1° APPENDIX B: INTERAURAL CROSS CORRELATION

(M) =—ScosaT—5m FOR STIMULI WITH STATIC AND DYNAMICALLY

— VARYING IIDs
1+10° ) ol - - i i
+ S\/—1+ cod a, A7 For a multiplied-noise masker combined with a sinu-
B 1—10V10 (A7) soidal test signal witlw=0 in an MoSr condition, the wave-

forms arriving at the left and right eafk(t) andR(t), re-

for A=0, A=0 and\<0, A<O. Therefore =1 for \=0 and i ;
spectively} are given by

—1 otherwise. The probability density function foiis given
by

dA(\) L(t)= M\/—\/()—Msm(ZWft)Jr J2Ssin (27ft), (Bl
p()\):P(A(?\))T : (A8)
Equations(A2), (A7), and (A8) give all necessary pa- R(t)=M \2———— N+ K sin (2mft)— 2Ssin (27ft).  (B2)

Vi+p?

Here,M denotes the rms value of the maskethe rms
value of the signalN(t) denotes the low-pass noise that is
used for generating the multiplied noigedenotes the static
component, and is the carrier frequency. The definition of
the normalized interaural correlation is

rameters to calculatp(\).

3. ITD and 11D probability density for a multiplied-
noise signal

When exchanging the role of multiplied noise and sinu-
soid (i.e., the multiplied noise becomes an interaurally out-
of-phase signa) we obtain a new relation between interaural
phaseg and the instantaneous value of the low-pass naise

A(¢)=Ssinatan¢— m/2)

_ (LR
SREYC2Y

where(.) denotes the expected value. Combining E&d)
to (B3) results in

(B3)

+ BSysir? atarf(¢p—m/2)+ 1. (A9)

(M?)—(s?)

p= .
V(M) +(82) + (2SMp) VL + 02 ((M?) 4 (S?) — (25 MY/ 1+ 2)

(B4)

The measure. for expressing the relative amount of static and dynamically nerve data. Il. Detection of tones in noise,” J. Acoust. Soc. A,
varying cues, which will be introduced in Sec. | A, was equal to 2.05 for 525-533.

the experiments performed by Grantham and Robinson. Culling, J. F., and Summerfield, @1998. “Measurements of the binaural
2In addition, other moments of the PDFs of the interaural differences were temporal window using a detection task,” J. Acoust. Soc. AGB 3540—
evaluated at threshold level. These properties also resulted in significantly 3553,

larger differences between the thresholds of experiments 1 and 2 than th§omnitz, R. H., and Colburn, H. $1976. “Analysis of binaural detection
observed difference of 2.2 dB. models for dependence on interaural target parameters,” J. Acoust. Soc.

Am. 59, 598-601.
Durlach, N. I.(1963. “Equalization and cancellation theory of binaural

Bernstein, L. R., and Trahiotis, G1997. “The effects of randomizing masking-level differences,” J. Acoust. Soc. ABB, 1206-1218.

values of interaural disparities on binaural detection and on discriminatiorPurlach, N. 1., Gabriel, K. J., Colburn, H. S., and Trahiotis, (@986.

of interaural correlation,” J. Acoust. Soc. Ari02, 1113-1120. “Interaural correlation discrimination: Il. Relation to binaural unmask-
Breebaart, J., van de Par, S., and Kohlrausch(1898. “Binaural signal ing,” J. Acoust. Soc. Am79, 1548—-1557.

detection with phase-shifted and time-delayed noise maskers,” J. Acousaik, W. (1993. “Combined evaluation of interaural time and intensity

Soc. Am.103 2079-2083. differences: psychoacoustic results and computer modeling,” J. Acoust.
Colburn, H. S.(1977. “Theory of binaural interaction based on auditory-  Soc. Am.94, 98-110.

991  J. Acoust. Soc. Am., Vol. 106, No. 2, August 1999 Breebaart et al.: Multiplied noise in binaural masking 991



Glasberg, B. R., and Moore, B. C. 1990. “Derivation of auditory filter angle: binaural localization of moving sound sources,” J. Acoust. Soc.

shapes from notched-noise data,” Hearing RE6.103-138. Am. 62, 1463—-1466.
Grantham, D. W(1984). “Discrimination of dynamic interaural intensity ~Rice, S. O.(1959. Selected Papers on Noise and Stochastic Processes
differences,” J. Acoust. Soc. Anv.6, 71-76. (Dover, New York, Chap. Mathematical analysis of random noise.
Grantham, D. W., and Robinson, D. BL977. “Role of dynamic cues in  Robinson, D. E., Langford, T. L., and Yost, W. A1974. “Masking of
monaural and binaural signal detection,” J. Acoust. Soc. Ay.542— tones by tones and of noise by noise,” Percept. Psychoflty459—-167.
551. Sayers, B. M.(1964. “Acoustic image lateralization judgments with bin-
Grantham, D. W., and Wightman, F. [1978. “Detectability of varying aural tones,” J. Acoust. Soc. An36, 923—926.
interaural temporal differences,” J. Acoust. Soc. A83, 511-523. Stern, R. M., and Shear, G. 01996. “Lateralization and detection of
Grantham, D. W., and Wightman, F. [1979. “Detectability of a pulsed low-frequency binaural stimuli: Effects of distribution of internal delay,”
tone in the presence of a masker with time-varying interaural correlation,” J. Acoust. Soc. Am100, 2278-2288.
J. Acoust. Soc. Am65, 1509-1517. van de Par, S., and Kohlrausch, @995. “Analytical expressions for the
Hafter, E. R.(1971). “Quantitative evaluation of a lateralization model of  envelope correlation of certain narrow-band stimuli,” J. Acoust. Soc. Am.
masking-level differences,” J. Acoust. Soc. ABD, 1116-1122. 98, 3157-3169.
Hafter, E. R., and Carrier, S. €1970. “Masking-level differences ob- van de Par, S., and Kohlrausch, A9983. “Analytical expressions for the
tained with pulsed tonal maskers,” J. Acoust. Soc. At. 1041-1047. envelope correlation of narrow-band stimuli used in CMR and BMLD
Hafter, E. R., Bourbon, W. T., Blocker, A. S., and Tucker, (A969. “A research,” J. Acoust. Soc. Anmi03 3605-3620.
direct comparison between lateralization and detection under conditions ofan de Par, S., and Kohlrausch, A998h. “Diotic and dichotic detection
antiphasic masking,” J. Acoust. Soc. A6, 1452—1457. using multiplied-noise maskers,” J. Acoust. Soc. Al®3 2100-2110.
Hirsh, 1. (1948. “The influence of interaural phase on interaural summation van de Par, S., and Kohlrausch, @9989. “Further evidence for the in-
and inhibition,” J. Acoust. Soc. Am20, 536-544. fluence of peripheral compression on binaural detection,Pioceedings
Holube, 1.(1993. “Experimente und Modellvorstellungen zur Psychoakus- of the Joint Acoustical Society of America Meeting and the International
tik und zum Sprachverstehen bei Normal- und Schwegeo,” Ph.D. Congress on AcousticSeattle, June 1998, pp. 853-854.
thesis, Georg-August-Universit&oattingen, Gdtingen. van de Par, S., and Kohlrausch, A1999. “The influence of basilar-
Holube, I., Kinkel, M., and Kollmeier, B(1998. “Binaural and monaural membrane compression on binaural detection,” J. Acoust. Soc.(sub-
auditory filter bandwidths and time constants in probe tone detection ex- mitted for publication.
periments,” J. Acoust. Soc. Anl04, 2412-2425. Webster, F. A(1951). “The influence of interaural phase on masked thresh-
Jeffress, L. A., and McFadden, 01968. “MLD’s and the phase angle, olds. I. The role of interaural time-deviation,” J. Acoust. Soc. AD3,
alpha,” J. Acoust. Soc. An¥3, 164. 452-462.
Jeffress, L. A., and McFadden, DL971). “Differences of interaural phase Wightman, F.(1969. “Binaural masking with sine-wave maskers,” J.
and level in detection and lateralization,” J. Acoust. Soc. A9.1169— Acoust. Soc. Am45, 71-78.
1179. Wightman, F.(1972). “Detection of binaural tones as a function of masker
Jeffress, L. A., Blodgett, H. C., and Deatherage, B.(}62. “Masking bandwidth,” J. Acoust. Soc. Anb0, 623—-636.
and interaural phase. Il. 167 cycles,” J. Acoust. Soc. 84).1124-1126.  Yost, W. A. (19723. “Tone-in-tone masking for three binaural listening
Jeffress, L. A., Blodgett, H. C., Sandel, T. T., and Wood, C.(1956. conditions,” J. Acoust. Soc. Anb2, 1234-1237.
“Masking of tonal signals,” J. Acoust. Soc. An28, 1416-1426. Yost, W. A. (1972bh. “Weber's fraction for the intensity of pure tones

Kollmeier, B., and Gilkey, R. H(1990. “Binaural forward and backward presented binaurally,” Percept. Psychophy/s. 61-64.
masking: evidence for sluggishness in binaural detection,” J. Acoust. SocYost, W. A.(1981). “Lateral position of sinusoids presented with interaural

Am. 87, 1709-1719. intensive and temporal differences,” J. Acoust. Soc. Aif.397-409.
Levitt, H. (1973). “Transformed up-down methods in psychoacoustics,” J. Yost, W. A., Nielsen, D. W., Tanis, D. C., and Bergert, (8974. “Tone-
Acoust. Soc. Am49, 467-477. on-tone binaural masking with an antiphasic masker,” Percept. Psycho-

Lindemann, W(1986. “Extension of a binaural cross-correlation model by  phys.15, 233-237.
contralateral inhibition. I. Simulation of lateralization for stationary sig- Zurek, P. M.(1991). “Probability distributions of interaural phase and level

nals,” J. Acoust. Soc. Am80, 1608—-1622. differences in binaural detection stimuli,” J. Acoust. Soc. A0, 1927—
McFadden, D., Jeffress, L. A., and Ermey, H. (1971). “Difference in 1932.

interaural phase and level in detection and lateralization: 250 Hz,” J.Zurek, P. M., and Durlach, N. [1987. “Masker-bandwidth dependence in

Acoust. Soc. Am50, 1484—-1493. homophasic and antiphasic tone detection,” J. Acoust. Soc.84m59—
Osman, E(1971). “A correlation model of binaural masking level differ- 464.

ences,” J. Acoust. Soc. Anb0, 1494-1511. Zwicker, E., and Henning, G. B1985. “The four factors leading to bin-
Perrott, D. R., and Musicant, A. 1977. “Minimum auditory movement aural masking-level differences,” Hearing R49, 29-47.

992  J. Acoust. Soc. Am., Vol. 106, No. 2, August 1999 Breebaart et al.: Multiplied noise in binaural masking 992



