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The two most salient dichotic pitches, the Huggins pitdR) and the binaural edge pit¢BEP), are
produced by applying interaural phase transitions of 360 and 180 degrees, respectively, to a
broadband noise. This paper examines accounts of these pitches, concentrating on a “central
activity pattern” (CAP) model and a “modified equalization-cancellatiofthE-C) model. The

CAP model proposes that a dichotic pitch is heard at frequehcwhen an individual
across-frequency scan in an interaural cross-correlation matrix contains a sharpfpektikeatE-C

model proposes that a dichotic pitch is heard when a plot of interaural decorrelation against
frequency contains a peak fat The predictions of the models diverge for the BEP at very narrow
transition bandwidths: the mE-C model predicts that salience is sustained, while the CAP model
predicts that salience declines and that the dominant percept is of the in-phase segment of the noise.
Experiment 1 showed that the salience of the BEP was sustained at the narrowest bandwidths that
could be generate@.5% of the transition frequengyExperiment 2 confirmed that the pitch of a

BEP produced by a 0.5% transition bandwidth was close to the frequency of the transition band.
Experiment 3 showed that pairs of simultaneous narrow 180-degree transitions, whose frequencies
corresponded to vowel formants, were perceived as the intended vowels. Moreover, the same
vowels were perceived whether the in-phase portion of the noise lay between the two transition
frequencies or on either side of them. In contrast, different patterns of identification responses were
made todiotic band-pass and band-stop noises whose cutoff frequencies corresponded to the same
formants. Thus, the vowel-identification responses made to the dichotic stimuli were not based on
hearing the in-phase portions of the noise as formants. These results are not predicted by the CAP
model but are consistent with the mE-C model. It is argued that the mE-C model provides a more
coherent and parsimonious account of many aspects of the HP and the BEP than do alternative
models. ©1998 Acoustical Society of Amerid&80001-49668)05906-7

PACS numbers: 43.66.Ba, 43.66.Dc, 43.66[RRID]

INTRODUCTION the clarity and frequency of dichotic pitches. In the course of
the present investigations, it also emerged that, despite its
Dichotic pitches arise through processes of binaural inintuitive appeal, the CAP model has some previously unre-
teraction when broadband noises are presented to the twsprted shortcomings. Consequently, this article and its com-
ears (i.e., the pitches cannot be heard monauyallfhe  panion(Culling et al,, 1998 have two objectives. The first is
present investigations of these phenomena were motivated demonstrate that the CAP model, employing an across-
by the observation that the dominant account of thesgrequency process, does not predict dichotic pitches cor-
pitches, the CAP mode(Bilsen, 1977, invokes a process rectly. The second is to show that the mE-C model, without
similar to “across-frequency grouping by common interauralsuch a process, can explain them well.
time delay(ITD).” This is a putative process in which en- Four dichotic pitches have been describetle Huggins
ergy in different frequency regions originating from the samepitch (Cramer and Huggins, 1958the binaural edge pitch
source would be grouped together by virtue of possessing th&lein and Hartmann, 1981 the Fourcin pitch(Fourcin,
same ITD. However, several recent experimé@iglling and 1970, and the dichotic repetition pitctBilsen and Gold-
Summerfield, 1995; Hukin and Darwin, 1995; Darwin andstein, 1974 These four phenomena fall into two classes,
Hukin, 1997 have cast doubt on the idea that auditory analy-which differ in their method of generation. The Fourcin pitch
sis includes the capacity to group energy in this way. Culling(FP) and the dichotic repetition pitaiDRP) are generated by
and Summerfield proposed instead that each frequency chaapplying large interaural delays>(1 ms) to broadband
nel in the binaural system operates independently when reroise. To generate the FP, two independent noises are pre-
covering signals from noise. They embodied this concept irsented simultaneously and binaurally. The two noises have
a multi-channel model of binaural unmaskiithe mE-C  different interaural delays. If an interaural phase shift of 180
mode). This model makes acceptably accurate predictions oflegrees is given to one of the noises, the period of the per-
ceived pitch frequency is equal to the difference between the
dNew address: University Laboratory of Physiology, Parks Road, OxfordtWO interaural delay$F0urCin’ 1970; Bilsen and Goldstein,
OX1 3PT, United Kingdom. 1974; Bilsen, 197X Without the interaural phase shift, the
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overall pitch is ambiguou$Bilsen, 1977. To generate the model adheres to this principle rigorously: dichotic pitches
DRP, a single noise is presented binaurally with a large inare explained by features found in the spectrum of a single
teraural delay2—20 m3. The period of the perceived pitch scan; evidence from several scans is not combined.
frequency corresponds to the interaural de(®yisen and Raatgever and Bilsen illustrated the workings of the
Goldstein, 197%# Although there are similarities between the CAP model with a computational procedure in which the
stimuli which give rise to these two pitches, the FP is muchinteraural phase relationship at each frequency was used to
more salient perceptually than the DRP. A companion papegenerate a pattern of activity which was a sinusoidal function
(Culling et al., 1998 compares explanations for the FP andof internal delay{Raatgever and Bilsen, 1986, E§)]. We
the DRP. It argues that the FP is produced by the samgefer to their formulation as the “original” version of the
mechanism that underpins the Huggins pitch and the binaur@@ AP model. The sinusoidal functions were accepted as an
edge pitch, while the DRP is produced by a different mechaapproximation to the corresponding cross-correlation func-
nism. tions. In fact, they are equivalent to cross-correlation func-
The Huggins pitch(HP) and the binaural edge pitch tions produced with infinitely long time windows and infi-
(BEP) are generated by producing an interaural phase tramitely narrow frequency channels. The following paragraphs
sition at a particular frequency within a broadband noise. Fodlemonstrate that these assumptions materially affect the pre-
the HP, the noise is identical at the two ears below the trandictions of the CAP model.
sition frequency. At the transition frequency, the interaural Figure Xa) and(c) shows CAPs generated by the origi-
phase relationship changes sharply with increasing frenal version of the modélFigure ¥a) illustrates the CAP of
quency, shifting through 360 degrees over a narrow banda HP stimulus with the transition frequency at 600 Hz and a
width (e.g., 6% of the transition frequencyAbove the tran-  transition bandwidth of 696.The model produces peaks at
sition band, the noise is identical at the two ears. For thehe transition frequency in some across-frequency scans. For
BEP, a similar transition occurs, but over a range of only 18Gxample, the inset illustrates such a peak in the scan taken at
degrees, so that the noise is out-of-phase between the eafs interaural delay of 0.83 ms. Similar peaks can also occur
above the transition frequency and in-phase belowyice  in across-frequency scans of BEP stimuli. Figufe) shows
versa HP and BEP stimuli both evoke the perception of athe CAP of a BEP stimulus with the transition frequency at
pure-tone-like pitch, corresponding approximately to thesop Hz and a transition bandwidth of 6%. The inset contains
transition frequency, which can be heard against the backhe across-frequency scan taken at an interaural delay of 1.25
ground of the noisé¢Guttman, 1962; Klein and Hartmann, ms_ In discussing the BEP, Frijes al. (1986 drew attention
1981; Frijnset al, 1986. The more salient percept is pro- to the sharp peak at 600 Hz which is found in this scan.
vided by the HP, but the BEP is also clearly audible by naive  a difficulty in relating the predictions of the original
listeners. Most listeners hear the HP lateralized to one side Qfersion of the CAP model to the performance of listeners is
the other. Some listeners also hear the BEP lateralized awapat the model assumes unrealistically high values for the

from the mid-line. frequency resolution of the auditory system. Figufie) and
(d) shows the results of convolving the CAPs of Figa)l
|. MODELING HP AND BEP and(c) across frequency with a rounded-exponential-shaped

o moving-average filter which increases in bandwidth with fre-

A. The central activity pattern  (CAP) model quency in accordance with estimates of the bandwidth of

The central activity patter@CAP) (Bilsen, 1977; Raat- auditory filtersfMoore and Glasberg, 1983, E@)]. Such an
gever and Bilsen, 1986; Frijnst al, 1986 is similar to an  integration across frequency in order to obtain more realistic
interaural cross-correlation matfiof the kind proposed by patterns was suggested, but not performed, by Raatgever and
Jeffress (1948, 1972 to account for the lateralization of Bilsen(1986. We refer to the formulation of the CAP model
sound sources. The CAP is a matrix which displays a map dfhat incorporates this smoothing filter as the “smoothed”
interaural correlation by frequency and interaural delay. Toversion. After smoothing, the peaks in across-frequency
explain the HP, Raatgever and Bils&P86 suggested that scans are very much less apparent, but, in this example, re-
the matrix might be scanned across frequency at a choseanain visible.
internal delay to produce a “central spectrum,” whose struc-  An important prediction of the CAP model is that the
ture would determine the pitch and timbre of the perceivedstrength of the BEP, like that of the HP, should be reduced or
sound. The CAP model does not include an explicit mechaeliminated when stimuli have very narrow transition band-
nism for choosing which of the many possible across-widths. This prediction is tested in experiment 1. To illus-
frequency scans is selected. Rather, Raatgever and Bilsérate the prediction, Fig. 2 shows scans generated by the
(1986 suggested that the mechanism “recognises and sesriginal (dotted lineg and smoothedsolid lineg versions of
lects the frequency spectrum information by making use othe model for HP and BEP stimuli with transitions at 600 Hz.
cues like harmonicity and depth of modulation @mpriori The scans were taken at a delay of 0.83 ms for the HP and
knowledge of spectral featuregp. 431). Despite the lack of 1.25 ms for the BERsimilar to the insets of Fig.)1 Scans
an explicit selection mechanism, there is intuitive appeal irhave been plotted for transition bandwidthe, which are
the idea that attention can be directed selectively to an indif.5%, 1%, 8%, and 64% of the transition frequency. In the
vidual across-frequency scan, since in real listening situalimit, asw is reduced, the transition band of the HP becomes
tions one would expect such scans to display the spectra affinitesimally small and so the stimulus becomes a diotic
sound sources which lie on different azimuths. The CAPnoise. In practice, the limit is reached whens less than or
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FIG. 1. The effect of the assumptions made by Raatgever and Bil€86, Eq.(6)] in predicting the HP and BERa) “original” CAP for a HP, produced

from Eq.(6) of Raatgever and Bilsefi986); (b) “smoothed” CAP produced by convolving the original CAP in pat@lwith a rounded-exponential-shaped,
moving-average filter whose bandwidth varied with frequency according to Moore and Gl§$B88j Eq.(3)]; (c) original CAP for a BEP{d) smoothed

CAP for the original CAP in pandk). The insets show across-frequency scans taken at optimal internal delays for detecting peaks at the transition frequencies
(0.83 ms for HP and 1.25 ms for BEP

equal to the frequency spacing between adjacent bins in thaew, whenw=64% (bottom panel in each columnwhere
Fourier spectrum of the stimulus. For the stimuli used tothe stimuli no longer give rise to tonal pitchéSramer and
create Fig. 2, the limit is reached whenis 0.5%. For this Huggins, 1958 the peaks at the 600-Hz transition frequency
value ofw the transition bandwidth for the HP stimulus is are broader than when=_8%.
effectively 0%. Such a limit does not exist for the BEP. In contrast to the scans produced by the original version
For w=1% andw=8%, the scans produced by the of the model, the scans produced by the smoothed version
original version of the modedidotted line$ contain spectral include peaks at the transition frequency which reduce in
peaks at the 600-Hz transition frequency which are charadieight and width as the transition bandwidth is reduced from
terized by high amplitude and narrow bandwidths. Accord-8%, through 1%, to 0.5% for both the HP and BEP. Since a
ing to the CAP model, these “sharp peaks” are responsibléiigher, narrower peak occurs fov=8% than for w
for the perception of the dichotic pitch. The sharp peaks are=0.5%, w=1%, orw=64%, the smoothed version of the
produced by the changing phase within the transition bandnodel predicts that both the Hihdthe BEP should be heard
This phase shift compensates for the internal delay at jushost clearly at intermediate values of In particular, it
one frequency within the band, to produce maximal crosshould be harder to hear the BEP wherquals 0.5% or 1%
correlation at that frequency. Since the phase changes sban whenw equals 8%.
abruptly with frequency, the same effect does not occur at In discussing the BEP, Frijnst al. (1986 distinguished
closely adjacent frequencies, where the idealized cross cothe tonal quality of the dichotic pitch from the percept of a
relation is consequently much lower. It is a necessary relow-pass or high-pass noise which may also be heard, de-
quirement of the model that peaks with broader bandwidthspending on whether the in-phase portion of the noise is be-
such as those which occur at 1200 Hz in the panels of Fig. 2pw or above the transition frequency. The CAP account pre-
are not treated as candidate pitches. Consistent with thiglicts that these percepts will determine the pattern of
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FIG. 3. Schematic illustration of the effect of lateral inhibition on the inter-
nal representation of a high-pass noise. The stimulus specafien broad-
band interaural cancellation for a BER represented by the solid line. The
perceived spectrum, following lateral inhibition, is represented by the
dashed line.

Activation

process, leaving a narrow band of noise centered on the tran-
sition frequency which would be heard as a warbling tone.

In the case of the BEP, broadband E-C gives rise to a
low-pass or high-pass noise which would not directly be
heard as a tone. When Klein and Hartmgd881) discov-
ered the BEP, they suggested that listeners do indeed hear a
high-pass or low-pass noise, but that a process of central
lateral inhibition enhances the edge of the noise, giving rise
to the perceived tonéFig. 3). Another process of lateral
inhibition may be responsible for a different pitch sensation,
called the “edge pitch”, which arises monaurally when a

Activation

Activation

0<‘I 500 1000.IIIOl. '500""1000""1500 N . . .
Frequency (Hz) Frequency (Hz) high-pass or low-pass noise is preser{®chall and Daniloff,

1967; Fastl, 1971; Fastl and Stoll, 1979; Klein and Hart-
FIG. 2. Across-frequency scans from central activity patterns. The dotteqinann, 1981 Consequently, Klein and Hartmann termed

lines are scans derived from the original CAP model of Raatgever an . G : »
Bilsen [1986, Eg.(6)]. The solid lines are the same scans spectrallthelr phenomenon the “pinaural edge pItCh or BEP.

smoothed by a rounded-exponential-shaped, moving-average filter with ~ Kl€in and Hartmann collected pitch-matching data to
bandwidth varying according to Moore and Glasbgt§83, Eq.(3)]. In  support their analogy between the BEP and the monaural
different panels the patterns for the HP and BEP have nominal transitiorédge pitch. Listeners were required to match monaural and

bandwidthsw, of 0.5%, 1%, 8%, and 64%. The vertical arrows indicate the | . . .
frequency of the perceived pitch of 600 Hz. The scans are taken at interne;?mauraI edge pItCheS to pure tones. The resultlng matches

delays which are optimal for detecting peaks at the appropriate frequenciedere offset from the frequency of the cutoff or phase transi-
(0.83 ms for HP and 1.25 ms for BERNote that the effective bandwidthis tion by a frequency difference of 3%—-8%. Figure 3 shows

0% whenw is set to 0.5% for the HP stimulys. schematically how lateral inhibition would give rise to such
an offset. In the case of the monaural edge-pitch, Klein and
listeners’ responses when dichotic pitches cannot be heartlartmann found that pitch matches were consistently offset
This prediction is tested in experiments 2 and 3. into the noise, whereas for BEP stimuli, matches were offset
to both higher and lower frequencies, giving rise to a bimo-
dal distribution of matches. It was possible to account for the
bimodal distribution by invoking a feature of the E-C model
which states that cancellation can occur either by adding or
Durlach(1962 pointed out that the HP can be explained by subtracting the waveforms at the two ears. If addition is
by the equalization cancellatioE-C) model of binaural performed, a BEP stimulus which is in-phase below the tran-
masking releaséDurlach, 1960, 1972 In this model, the sition frequency would give rise to a low-pass residue, while
signals from each ear are equalized by any or all of a specif subtraction is performed, the same stimulus would produce
fied set of transformationéncluding changes in interaural a high-pass residue. So, depending on which cancellation
delay, phase, and leyeland are then cancelled by addition operation is applied, the binaural edge pitch can be offset in
or subtraction. The E-C model was originally developed toeither direction, compatible with the observed bimodal dis-
account for the detection of tones in noise, and so did notribution. Thus, Klein and Hartmann concluded that a pro-
include separate operations within different frequency chaneess of broadband E-C could explain the HP, and that broad-
nels. In line with this formulation of E-C, Klein and Hart- band E-C augmented by lateral inhibition on the residue
mann(1981J) also applied transformations to the whole signalcould explain the BEP. We refer to the latter account as the
when accounting for HP. In this case, the E-C process iSaugmented equalization-cancellation modgBE-Q.
particularly simple. Since the waveforms at the two ears are  Other results have not supported these conclusions con-
largely identical, they can be cancelled over most of the fresistently. Frijnset al. (1986 repeated Klein and Hartmann’s
quency range by subtraction without any prior equalizationpitch-matching experiments for the BEP and found that lis-

B. The augmented equalization-cancellation  (aE-C)
model
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teners matched the dichotic pitch close to the transition fre-

guency. The distribution of matches had a standard deviation
of 1.5% with no evidence of a bimodal distribution of @
matches, thereby undermining one of the predictions of the § =
aE-C model. Hartmanf1984a sought to measure the lateral 2 2
inhibition directly using the pulsation threshold method 6’:’2
(Houtgast, 197@ but found no evidence for it. These two <
results imply that lateral inhibition does not underlie the
BEP. However, Hartmani1984h has described a further o
dichotic pitch whose existence is difficult to explain without s ‘2’
invoking central lateral inhibition. The binaural coherence 2.8
edge pitch(BICEP) occurs when noise below a specified é‘:’.f_%f
transition frequency is uncorrelatdde., statistically inde- <
pendenk at the two ears, while above that frequency it is
correlated. A pitch is heard which corresponds to the transi- &
tion frequency. The aE-C model can easily account for the g Ef
BICEP. Interaural cancellation by subtraction leaves a low- ég
pass residue. Lateral inhibition at the high-frequency edge of @ g
the residue generates the pitch. In summary, therefore, the &
balance of current evidence favors the existence of central
lateral inhibition, but is equivocal about its role in the BEP. #
This uncertainty motivates the exploration of alternative E 1:'
bases for the BEP. The aE-C model invokes central lateral 2 S
inhibition to explain the BEP because it incorporates broad- @ g
band E-C which does not itself generate a dichotic pitch. In E : :
the next section we consider a modified form of the E-C N S S T VI S Lot
which can account for the BEP directly, without requiring 0 500 1000 1500 0 500 1000 1500 2000

central lateral inhibition as an additional process. Frequency (Hz) Frequency (Hz)

FIG. 4. The spectra recovered by the mE-C model of Culling and Summer-
field (1995 for the HP and BEP for transition bandwidths, of 0.5%, 1%,
C. The modified equalization-cancellation (mE-C) 8%, and 64%. The vertical arrows indicate the frequency of the perceived
model pitch of 600 Hz. The dotted horizontal line defines an arbitrary threshold,
which could predict whether or not the peaks were audifete that the
A third account of the HP and BEP is provided by a effective bandwidth is 0% whew is set to 0.5% for the HP stimulys.

modified version of the E-C modémE-C) which was de-

signed to account for the binaural masking release of broadyng 7). The minimum residue in each channel is taken as a
band sounds, such as spee@ulling and Summerfield, measure of the strength of the signal in that channel. Effec-
1995. Since no tone is physically present in the stimuli, thetjyely, the model detects the degree of interaural decorrela-
perception of the HP and BEP is, according to the mE-Gion present in each channel, since excitation which corre-
model, an illusion of binaural unmasking. In this model, au-|ates at internal delays within the range5ms cancels,
ditory frequency analysis is simulated by analyzing thewhile uncorrelated noise does not. Signals which have a dif-
waveforms presented to each ear with a gamma-tone filtekarent interaural phase from the masking noise are detected
bank (Pattersonet al, 1987, 1988 Mechanical to neural pecause they disrupt the interaural correlation of the noise. In
transduction in each of the resulting frequency channels igjs respect the model is similar to Colburn’s model of bin-
simulated with a model of hair cell transducti¢Meddis, gyral unmaskingColburn, 1973, 1977 A key feature of the
1986, 1983 The time-varying excitation in corresponding mg-C model is that it performs equalization and cancellation
frequency channeld andfg) from each ear is equalized in i, each frequency channildependently
two steps. First, the rms levels are equated. Second, the in-  Figure 4 contains residual-activation spectra generated
ternal delay is sought at which the residig,after subtrac-  py the mE-C model for the same HP and BEP stimuli as
tion (i.e., cancellation of the excitation from each ear is \yere analysed by the CAP model in Fig. 2. In each panel, the
minimized. Thus, the residue within a channel is a functionstimulus contains an interaural phase transition at 600 Hz.
of internal delay,r, which is evaluated for-5 ms<7<5ms.  For the HP, the prediction is straightforward and similar to
The residue is weighted according to an exponentially tapefthat described in Sec. | B. The noise is in-phase both above
ing temporal window with a time constartt, of 50 ms[Eq.  and below the transition frequency and consequently cancels
D] almost completely at zero internal delay. Close to the transi-
3T tion, however, noise with different interaural phases enters
R(7)= f (fL(t)—fr(t+7)e VT dt. (1) the same frequency channel and consequently cannot be can-
0 celled completely at any internal delay, resulting in the peak
The process is repeated in each frequency channel ind@ the residual-activation spectrum recovered by the model.
pendently(i.e., permitting different adjustments of rms level For the BEP, the prediction is less obvious. On one side of
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the transition(below 600 Hz in Fig. 4 the noise is in-phase, 3%. The present experiment extends these investigations by
but on the other side it is 180 degrees out-of-phase. Thancluding both the HP and the BEP, each generated with a
in-phase noise is completely cancelled, leaving no residuakide range of transition bandwidths.
activation below the transition frequency. The noise which is
180 degrees out-of-phase is partly cancelled because eac
channel admits only a narrow band of frequencies; a phase The stimuli were triplets of 409.6-ms noises containing
difference of 180 degrees at each of these frequencies Isteraural phase transitions at three different frequencies.
approximately equivalent to an internal delay of half the pe-They were generated digitally with 16-bit amplitude quanti-
riod of the center frequency of the channel. Channels close tgation and a 10-kHz sampling rate and filtered in the fre-
the transition frequency itself, however, admit energy with aquency domain. To make each stimulus, three white noises
range of widely differing interaural delays which cannot beof 409.6-ms duration were synthesized using the method rec-
canceled, leaving a peak in the residual-activation spectrun@mmended by Klat€1980 in which 16 consecutive numbers
Whenw=28%, the peak is about 10 dB higher than the re-from a pseudorandom number generator are summed to form
sidual activation in the higher frequency channels which re€ach output sample. These noises were low-pass filtered at 2
ceive out-of-phase noise. According to the mE-C model, it ikHz. A copy of each noise was further filtered in order to
this peak which gives rise to the perception of the BEP.  produce a linear phase transition between specified frequen-
In order to show how the model might predict the detec-cies. The copy was combined with the original to form a
tion of the HP and BEP for different transition bandwidths, astereo file containing an interaural phase transition. The three
dotted horizontal line has been draviarbitrarily) at 40 dB.  noises making each triplet contained transitions centered on
If this level of residual activation were required for listeners 500, 600, and 700 Hz. In the case of the BEP, only stimuli
to detect spectral features in residual-activation spectra relavhich were in-phase below the transition frequency were
tive to internal noiséwhose effects are not simulated in the generated. Each resulting sound file was shaped with 10-ms
mE-C mode), then the model would predict that listeners raised-cosine onset and offset ramps. Finally, the stereo
should hear the HP for a transition bandwidth of 8%, but notsound files were concatenated to form an ascending sequence
for 0.5%, 1%, or 64%, and that they should hear the BEP fopf dichotic pitches. This method was repeated to create ten
0.5%, 1%, and 8%, but not for a 64% transition bandwfdth. stimuli based on different samples of noise in each of the
Thus, the mE-C model diverges from the CAP model infollowing conditions. Each of the two dichotic pitchédP
predicting that BEP should be heard strongly in stimuli con-and BER was created with eight transition bandwidths,
taining very narrow transition bandwidths. which were 0.5%, 1%, 2%, 4%, 8%, 16%, 32%, and 64% of
the transition frequency, giving 16 conditions and 160
stimuli in all. The smallest transition bandwidth, nominally
D. Empirical questions 0.5%, was a single bin in the Fourier transfofnd H2) for
) ) ] ] all transition frequencies. In the case of the HP, a transition
The following experiments investigated the perceptuakom o to 360 degrees in a single bin is equivalent to no
properties of the BEP and HP. The results are used to coMzansition at all, so the “0.5%’ members of the HP stimulus
pare the predictions of the CAP, aE-C, and mE-C modelSge( were simply diotic noises. Results from these stimuli are
Experiment 1 shows that BEPs produced by narrow interaugerefore plotted at 0% in Fig. 5 but shall be refered to in the
ral phase transitiong<0.5% of the transition frequentyare oyt as “0.5%" to preserve the symmetry of the experimen-

as perceptually prominent as BEPs produced by wider rang gesign. In addition to these stimuli, ten further diotic
sitions. Experiment 2 confirms that the pitch evoked by BER,ises were created to form a control condition.

stimuli containing narrow transitions is matched to that of a ¢ digital stimuli were converted to analog using a
pure tone at the transition frequency. Experiment 3 shows o,ghhorough Sound Images delta-sigma digital-to-analog
that two BEPs generated by narrow phase transitions at the,nyerter and presented to listeners via Sennheiser HD414
formant frequencies of a vowel can be used in combinatiomeagphones in a double-walled sound attenuating chamber at
to evoke the perception of that vowel. These results are difgg dB(A). Stimulus levels were measured with a B&K arti-
ficult for the aE-C model and the CAP model to explain, butficia| ear type 4153, with a flat-plate adapter type DB0843, a
receive a straightforward explanation from the mg-C modely,ir.inch microphone type 4134, and a sound-level meter
type 2235 on its “fast” setting.

. Stimuli

Il. EXPERIMENT 1

Cramer and Huggin€L958 measured the ability of lis- = Procedure

teners to detect the HP as a function of the bandwidth of the  Four listeners, including the first author, who had nor-
interaural phase transition. Because of technical limitationsmal hearing at audiometric frequencies from 0.25-8 kHz in-
the narrowest bandwidth which they could explore was 3%clusive and who had participated in previous psychoacoustic
of the transition frequency. They found that listeners couldexperiments, attended one 40-min session. The session was
detect the HP reliably for transitions of 3% and 6%, but thatbroken into four 10-min runs in which the 160 experimental
the pitch was harder to detect when broader transitions wergtimuli were each presented once and the ten control stimuli
employed. Van Tilburg1974 reported that the ease of de- were each presented eight times. The random stimulus order-
tection of the HP also declines for transitions narrower tharing was changed for each run. Listeners were required to
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significant main effects of pitch typdF(3,1)=76.49,
p<0.00§ and transition bandwidth [F(3,7)=70.93,
p<0.0001] and a significant interaction between the two
[F(7,21)=125.66,p<0.0001. Tukey pairwise comparisons
indicated that the interaction was produced by differences
between detection rates for the BEP and HP at transition
bandwidths of 0.5%, 1%, and 32%=35.94, 13.66, and
8.87, respectivelyp<0.01). Comparisons among the differ-
ent transition-bandwidth subconditions of the BEP condition
showed that there were no significant differences among
bandwidths of 0.5%, 1%, 2%, 4%, 8%, and 16%. For the HP
condition, those among the 2%, 4%, 8%, 16%, and 32%
subconditions did not differ significantly from one another.
All other comparisongbar 0.5% versus 64% in the HP con-

Percent tones detected

\ ;_b) B dition) differed significantly p<0.05).

—A— KV

D. Discussion

[ ] Experiment 1 shows that listeners can reliably detect
of ] BEP’s which are produced by interaural transitions with very
S T T R - narrow bandwidth$0.5%, 1%, and 2% of the transition fre-
00: 05 1 2 5 10 20 50 100 quency. This result is consistent with the predictions of the
Transition bandwidth (%) aE-C and mE-C models. The aE-C model requires only that
FIG. 5. Upper panel: The percentage of BEPs and HPs detected by foJlhere should be a transfltlon_ln mteraural phase from in-phase
listeners in experiment 1 as a function of the transition bandwidth, which ist0 out-of-phase for a dichotic pitch to be heard. Such a tran-
expressed as a percentage of the transition frequency. Error barstniark ~ sition will form an edge after broadband interaural cancella-

standard error of the mean. Note that the effective bandwidth was 0% wheﬂon- the perceived pitCh is predicted by assuming lateral
w was set to 0.5% for the HP stimuli, and so is plotted at 0%. Lower panel: ;

Values of the discrimination indexl’, for three listeners who attempted to inhibition (Fig. 3. The mE-C model requwe_s_ only that a
discriminate the tonal prominence of BEPs with transition bandwidths offfequency channel centered on the transition frequency
0.5% from BEPs with the larger transition bandwidths plotted on the ab-should contain widely differing interaural phases for a peak
scissa. to appear at the transition frequency in the residual activation
spectrum(Fig. 4). The result is problematic, however, for the
report whether or not they heard a sequence of ascendirarcount of the BEP offered by the CAP model. As illustrated
tones in the noise via a single key-press on the keyboard ofia Fig. 1(d) and in Fig. 2, the CAP model requires a progres-
VDU. No feedback was given. sive change in interaural phase across frequency to produce a
sharp peak within the transition band. As the transition band
narrows, so must the sharp peak. In the limit, the sharp peak
disappeargFig. 2), yet experiment 1 shows that, although
Figure 5a) shows the percentage of trials on which thethe HP declines in this way, the salience of the BEP remains
tone sequence was detected as a function of the transitidrigh even at the smallest transition bandwidths.
bandwidth, with data averaged over listeners. The HP was In order to underline this point, a supplementary experi-
detected on nearly 100% of trials when the transition bandment was conducted on a separate group of three listeners.
width ranged from 4% to 32% of the transition frequency.These listeners were naive to the purposes of the experiment.
The corresponding range for the BEP was 0.5% to 8%. Irin a two-interval forced-choice procedure, they were re-
accordance with van Tilberg €974 observations, the pro- quired to discriminate the loudness/salience of the pitches
portion of trials on which the HP was detected declined asvoked by pairs of BEP stimuli with different transition
the transition bandwidth of the HP was reduced. For thébandwidths. On each trial, one stimulus had a transition
widest transition bandwidths, detection declined for bothbandwidth of 0.5%, while the other stimulus had one of the
pitches in the way originally observed by Cramer and Hug-wider transition bandwidth§1%—64%. Listeners indicated
gins (1958 for the HP, although the BEP was detected lesswhich interval contained the stimulus with the clearer or
frequently than the HP fow=232%. louder pitch. The resulting values of the discriminability in-
The control stimuli(diotic noise$ yielded an overall dex,d’, are plotted in Fig. &). None of the listeners were
false-alarm rate of 3%. Compared to this rate, all other conable to discriminate stimuli with bandwidths in the range
ditions (save the HP wittw=0.5%, which was also diotic 1%—8% from stimuli with a bandwidth of 0.5%—0.2<d’
noise showed significantly higher detection rafésnomial  <0.2). Thus, BEP stimuli with transition bandwidths rang-
probability, 160 trials andp(hit)=0.03, p<<10~° for all  ing from 0.5% to 8% cannot be distinguished from one an-
conditions with data pooled across listerjers other on the basis of the strength of the pitch percept. Band-
A two-way analysis of variance covering type of di- widths of 16%, 32%, and 64% gave progressively more
chotic pitch (BEP versus HP and transition bandwidth positive values ofd’ which, according to the marking
(0.5%, 1%, 2%, 4%, 8%, 16%, 32%, and 64%howed scheme employed, indicates that the resulting BEPs were

Discriminability, d"'

C. Results

3515 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998 Culling et al.: Dichotic pitches. | 3515



less salient than those produced by smaller transition bandpectrum. Hence, recovered spectra for BEPa stimuli are
widths. Negatived’ values, indicating that the 0.5% band- similar to those plotted in Fig. 4, but contain residual activa-
width was less salient than the comparison stimulus, weréon below the peak, rather than above(Bpectra for both
not observed consistently in any condition, showing thatorientations of the transition are illustrated in Fig. 7 for the
there is no perceptible loss of salience for the BEP as transtimuli of Experiment 3. The transition frequencies of the
sition bandwidth is reduced. different stimuli were distributed around 600 Hz, the fre-
A legitimate criticism of the main part of experiment 1 quency which Bilsen(1977 and Raatgever and Bilsen
is that it provides no guarantee that listeners actually hear(ll986 reported to produce the most potent dichotic pitches.
BEPs, only that they could distinguish stimuli containing aThe transition frequencies were mistuned from 600 Hz by
180-degree interaural phase transition from a diotic noise—64, —48, —32,—-16,—-8,—-4,-2,-1,0, 1, 2, 4, 8, 16,
Listeners might have made the distinction by noting that the82, 48, and 64 Hz. Thus, there were
lateralization of BEP stimuli is relatively diffuse, because thel7 mistuningx 3 dichotic pitches-51 stimuli in all. Each
noise is out-of-phase above the transition frequency, whereatimulus consisted of three 409.6-ms dichotic pitches with
the lateralization of diotic noise is compact. There are, nonethe same transition frequengyut synthesized from separate
theless, two reasons for believing that listeners’ detectiorsamples of noisealternating with three 409.6-ms, 600-Hz
responses were based on hearing dichotic pitctigswith- pure tones, beginning with the dichotic pitch. The level of
out feedback, listeners other than the first author had nthe noise was 66 dB and that of the tone was 29 dB. These
guidance in their use of alternative cué®) for the broader values were chosen so that the pure tone and dichotic pitch
transition bandwidths, which produced equally diffuse local-had approximately equal loudness when the transition band-
ization but a less salient dichotic pitch, detection rateswidth of the HP was 3%.
dropped substantially. Nonetheless, it is important to demon-
strate that listeners do hear tones of an appropriate frequengy procedure
when they listen to BEP stimuli synthesized with very nar-

row transition bandwidths. This was the primary aim of ex- ~ The four listeners who participated in experiment 1 at-

periment 2. tended ten 30-min sessions. In each session, they listened to
each stimulus ten times in a random sequence and classified

IIl. EXPERIMENT 2 the dichotic pitch as either higher or lower than the pitch of

) ) ) the pure tone via the keyboard of a VDU.
In experiment 2, listeners compared the pitches evoked

by a range of BEP and HP stimuli with different transition

: . . . . Results

frequencies against that of a single pure tone. If the pitch o?

a BEP or HP stimulus with transition frequentys equiva- The results for each listener are shown separately in Fig.
lent to that of a pure tone of frequendy then listeners 6. The fitted curves were derived using a logistic regression
should judge stimuli with higher transition frequencies tobased on Eq2), wherey is the percentage of “lower pitch”
have a higher pitch than the tone, and those with lower tranjudgmentsx is the mistuning in Hz, and andk are free
sition frequencies to have a lower pitch. If listeners respongarameters, which jointly control the location and steepness
in this way to BEP stimuli with very narrow interaural tran- of the slope of the curve. Three of the four subjects showed
sition bandwidths, and without feedback, it indicates thatmore accurate discrimination of the pitch of the HP stimuli
contrary to the predictions of the CAP model, a gradualthan of the pitch of the BEP stimuli, as reflected in the
phase transition is not necessary to evoke a pitch which costeeper slopes in the fitted functions. Estimates of the di-
responds closely to the transition frequency. Rather, it sugehotic pitch transition frequencies whose pitches correspond
gests that listeners detect a narrow band of binaural excitde that of the 600 Hz tone can be determined by evaluating
tion at the transition frequency, as predicted by the mE-Che offset between 600 Hz and the fitted curves as they cross
model. Thus the primary focus of experiment 2 was on thehe 50% point on thg axis[Eq. (3)]:

perception of BEP stimuli. The HP stimuli were included for 100

urposes of comparison. =

purp P y 1+kePx’ )
_ —log, k

A. Stimuli offset= bge . 3)

The stimuli were generated, presented, and calibrated in
a similar manner to those of experiment 1. The HP stimuli ~ Table | lists the transition frequenciéwith 95% confi-
had a fixed transition bandwidth of 6% of the transition fre-dence intervalsat the 50% point of the fitted curves for each
quency. The BEP stimuli had transition bandwidths ofof the three binaural conditions. For the three listeners whose
~0.4% (a single bin. In separate conditions, the BEP fitted functions showed steeper slopes for the HP than the
stimuli were prepared with in-phase noise either aboveBEP, the confidence intervals of the offset are also smaller.
(BEPQ or below (BEPb the transition frequency. Figure 4 For the HP, the offset in the fitted curve is within 2% of 600
shows recovered spectra only for BEPb stimuli. The posiHz for each of the four listeners, and the mean offset is
tions of spectral peaks produced by the mE-C model ar@.11% of 600 Hz. For the BEP, the offsets are within 3% of
determined by the CFs of interaural phase transitions, sinc@00 Hz for each listener and the mean offset is within 1%,
the CFs determine the maximally decorrelated parts of théor each condition.
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TABLE Il. Vowel percepts formed by different combinations of formant
frequencies.

F2
F1 975 Hz 1925 Hz
225 Hz 0o EE
625 Hz AR ER

therefore, is that listeners perceived a tonal pitch in the BEP
stimuli which they matched closely to the reference fre-
quency. Moreover, there was only a negligible offset be-
tween the fitted logistic curve at its 50% point and 600 Hz.
The tolerance of the offset was similar in size to the 1.5%
tolerance of matches observed by Frijasal. for BEP
stimuli with wider transition bandwidths. Thus, contrary to
the predictions of the CAP model, very narrow transition
bandwidths do not prevent the perception of a tonal pitch in
BEP stimuli.

Three of the four listeners discriminated HP stimuli
more accurately than BEP stimuli. In fact, one of these three
subjects(SS showed no discrimination of the BEP during
his first seven runs, while performing well with the HP. Data
collection was restarted from scratch once he began to per-

e L form above chance with BEP stimuli. More accurate dis-
° Mistuniong (Hz) 2 “ % crimination with the HP may reflect the lesser prominence of
the peak in interaural decorrelation which is recovered from

FIG. 6. The percentage of stimuli from each condition in experimeht, a BEP compared to that from a HE.g., Fig. 4w=_8%).
triangles; BEPa, squares; BEPbD, cirglegich were judged lower in pitch

than a 600 Hz comparison tone, as a function of the mistuning of the tran-

sition frequency from 600 Hz, for each subject. Logistic curves, fitted using

two free parameterfsee Eq.(1)], are also shown for each conditigHP, IV. EXPERIMENT 3

solid; BEPa, dotted; BEPb, dashed

Percent lower in pitch  Percent lower in pitch  Percent lower in pitch ~ Percent lower in pitch

A. Rationale

Experiment 3 provides a further test of the prediction of
the mE-C model that BEP’s defined by narrow interaural

Frijns et al. (1986 drew a distinction between the tonal phase transitions give rise to dichotic pitches. The experi-
percept which BEP stimuli produce and a low- or high-passment exploited characteristics of a stimulus developed by
noise percept, which may also be heard. According to th&€ulling and Summerfield1995. They combined two first-
CAP model, if the interaural transition is very narrow, the and two second-formant frequencies to produce sounds akin
tonal percept should disappear, leaving only the high- oto the vowels in British-English pronunciations of the words
low-pass percept. The primary objective of experiment 2 washard” (AR), “heed” (EE), “haired” (ER), and “who’'d”
to show that the narrow transitions in the BEP condition of(OO) (Table II). Dichotic stimuli were synthesized contain-
experiment 1 give rise to the perception of a pitch which ising two BEPs with narrow €1.2%) interaural phase transi-
tonal in nature and is equivalent to the transition frequencytions at pairs of these formant frequencies in order to evoke
rather than giving rise only to the perception of a low- orthe perception of vowels in noise. Two sets of dichotic
high-pass noise. The important outcome of experiment 2(BEP) stimuli were generated. In one set, the noise was in-

D. Discussion

TABLE I. Results of experiment 2. Transition frequendigsHz) which were matched by each listener to the 600-Hz comparison tone for each dichotic pitch,
with 95% confidence intervaleonf. intvl) and the % age mistuning which these matches represent.

HP BEPa BEPb
Frequency 95% % age Frequency 95% % age Frequency 95% % age
Listener (H2) conf. intvl. offset (Hz) conf. intvl. offset (Hz) conf. intvl. offset

LP 600.8 598.8-603.1 +0.13% 591.2 586.4-595.0 —1.46% 605.9 601.2-611.4 +0.98%
JC 600.5 597.9-603.3 +0.08% 596.8 583.0-609.3 —0.53% 616.5 610.6—-623.8 +2.75%
DF 589.0 581.1-595.3 —1.82% 602.3 596.4-608.5 +0.38% 597.3 591.6-602.7 —0.44%
SS 607.0 604.3-610.0 +1.12% 586.0 577.6-592.9 —2.32% 589.5 581.3-596.4 —1.75%
X 599.3 -0.11% 594.1 —0.98% 602.3 +0.38%
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phase between the two transition frequen¢B&PY). In the TABLE Ill. Predictions of three models for the accuracy of vowel-

other set. the noise was 180 degrees out-of-phase betwe@ ntification responses in experiment 3. The entries “Incorfpattern
the transi,tion frequencie(ﬁEPZ A)” and “Incorrect (pattern B” imply that different patterns of misidenti-

fications would occur.

The formants were centered on 225, 625, 975, and 1925
Hz. Table Il shows that no formant on its own uniquely Condition
specifies a particular vowel; only in combination do the for-

. . e . . Diotic Dichotic
mants define the different vowels. A limitation in this design
is that dichotic pitches are not audible for the majority of Model ~ Band-pass  Band-stop ~ BEP1 BEP2
listeners above 1500 HCramer and Huggins, 1958; Yost, aE-c Correct Correct Correct Correct
199)). Thus, a formant defined by a BEP at 1925 Hz should CAP Incorrect Incorrect Incorrect Incorrect
not be detectable. However, listeners can obviate this prob- (pattem A (patten B (pattem A (pattern B
mE-C Incorrect Incorrect Correct Correct

lem. They can identify OO and AR from two audible for-
mants below 1000 H2225 and 975 Hz for OO; 625 and 975
Hz for AR). They can identify EE and ER by detecting the

lower formant of those vowel225 Hz for EE and 625 Hz . to be based on listeners interpreting the spectral profiles of

for ER) and determining that a secor_1d forma_nt at 975 Hz 'the noise bands as if they were the spectral envelopes of
apsgnt. Nopetheless, because of this complication, the preg,e1c |y the case of some stimuli, this strategy should
dictions which follow are made more strongly for OO and yield percepts that differ systematically from the intended

AR than for EE and ER. . N . vowels. Thus, the mE-C model predicts that listeners will
The CAP model predicts that stimuli containing BEPSidentify the stimuli as the intended vowels in the dichotic

with very narrow transition bandwidths are not heard as CONzonditions, and will give different, and generally less accu-

taining a tonal dichotic pitch. Instead, they are heard as eizy4e patterns of responses in the diotic conditions. Moreover,

ther high- or low-pass noise. Thus, if two transitions arey,qqe |atter patterns should differ between the band-pass and
combined in a single stimulus, band-pass or band-stop NOISGand-stop conditions

percepts should result. For this reason, the experiment also In summary, the CAP model predicts that the dichotic
included two sets of diotic control stimuli which were band- gep) stimuli will elicit the same pattern of identification
pass and band-stop noises with the cutoffs placed at the fopagponses as the dioticontro)) stimuli (at least for AR and
mant frequencies. The CAP model makes two predictions fopg) pyt that neither set of responses will correspond to the
the pattern of identification responses that should be given ttended vowels. The aE-C model also predicts that both the
these diotic(contro) stimuli and to the dichotic(BEP) gichotic (BEP) and the diotic(contro) stimuli will elicit the
stimuli. First, the BEP1 and the diotic band-pass stimulisame pattern of identification responses, but that the response
should receive the same pattern of responses; likewise, tEatterns will correspond to the intended vowels. Finally, the
BEP2 and diotic band-stop stimuli. Second, neither set of,e.c model predicts that the dichoti®EP) stimuli will
responses should correspond systematically to the intendegiqit percepts of the intended vowels, while the digtion-
vowels. trol) stimuli will elicit different patterns of identification re-

To the extent that the aE-C model draws a strong analsponses in which the band-stop and band-pass noises are
ogy between the detection of edge pitches by the monaurghemselves interpreted as defining the spectral envelopes of

intended vowels both in the dichoti®EP) conditions and

the diotic (control) conditions. In the dichoti€BEP) condi- o
tions, formants will be defined by binaural edge pitches closé: Stimull
in frequency to the interaural phase transitions. In the diotic  The stimuli were generated, presented, and calibrated in
(contro) conditions, formants will be defined by edge a similar manner to experiments 1 and 2. White noise was
pitches at roughly the same frequencies. Thus, the aE-Eynthesized and was filtered in the time domain by a 512-
model predicts that responses in all four conditions shoulgboint linear FIR filter in order to produce a 3-dB/oct spectral
correspond to the intended vowels. roll-off. The resulting pink noise was filtered in the fre-
The mE-C model predicts that the dichotic stimuli will quency domain in order to produce both BEP and diotic
elicit percepts of the intended vowels. Excitation will be control stimuli using the formant frequencies listed in Table
largely canceled in channels with center frequencies awail. The dichotic stimuli were, in separate conditions, in-phase
from the interaural phase transitions, but not in channelbetween the two transition frequencié€BEP1) or out-of-
close to the frequencies of the transitions themselves, leavinghase between the two transition frequendiBEP2. The
two peaks in the residual activation spectrum which can beorresponding diotic control stimuli were band-pass and
interpreted as formants. The model itself does not predicband-stop noises using the same transition frequencies as
how the diotic(contro) stimuli will be identified. However, cut-off frequencies. Each corresponding pair of stinfelg.,
in our experience the first-order percept of a low-, band-, oBEP1 and band-passvas generated using the same noise
high-pass diotic noise is determined by the spectrum of theample. The 180-degree interaural phase transitions and the
noise, rather than its edge pitely. Therefore, we expect the diotic low-pass and high-pass cutoffs were one analysis bin
pattern of identification responses to the diofmontro)  wide (2.4 H2), giving transition bandwidths of 0.13%-1.1%
stimuli to differ from that to the dichoti¢€BEP) stimuli, and  of the transition frequency, depending on the center fre-

(pattern A (pattern B
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quency of the transition. Eight stimuli based on different TABLE IV. Confusion matrices for the four conditions of experiment 3,
samples of noise were created for each of the four vowels iﬁooled across five listeners. Figures in parentheses are the numbers of re-
each of the four conditions, giving 128 experimental stimuli sponses predicted by the vowel classifier described in the Appendix.

In addition, four practice stimulfone for each vowglwere Target

created which incorporated HPs at the formant frequencies.

with 6% transition bandwidths. The stimuli were presented ggcondiion Response AR EE ER o0

64 dB. Band-pass AR 1882170 21 (93 160 (130 9 (58
EE 1(8) 24 (19 2 (15 0 (12
ER 10 (43) 221 (171) 154 (142 29 (27)

C. Procedure 00 15(18 48 (2) 017 177 (57)

Five listeners, including the first two authors, all of OR 106 (37) 6 (1) 4 (16 105169

whom had previously participated in vowel identification ex- Band-stop AR 3(35) 1(7) 1 (24  35(10
periments, attended a single 40-min session. Each session EE 4(77) 310210 21 (126 39 (149
consisted of four runs. Each run began with 20 practice trials gg 2;32 E%z) g Eég g Ei%o) 133 Eﬁ)@
in which thelllsteners identified the HP practice stimuli five OR 35 (23) 0(12 280 (13 8 (22)
times each, in a random order without feedback. The rest of
the run consisted of two blocks. In two runs, the first blockBEP1 AR 178(219 14(2  36(73 13 (17
contained_ the diotic con.trol stimul?, wh_ile ip thg other two EE 22 5421)0) 132 gj)a 133 Ei)m) ii Ei)S)
runs the first block contained the dichotic stimuli. The order- 00 15(21) 80 (4) 25 (15 201 (200
ing of the blocks was counterbalanced across runs. The OR 25 (36) 9 (14 22(57 17 (77
stimuli were presented in a random order, which changed folg Ep> AR 171219 13 @ 33 (79 20 (17)
each run. _ EE  21(2 216(289 62(8 69 (8)
Pilot experiments showed that some of the control ER 84(40) 22 (14 182 (167) 33 (189
stimuli compellingly evoked percepts of the vowel in the 00 27(2) 63 (4 25 (15 187 (200
word “hoard” (OR), which lay outside the nominal stimulus OR 17 (36) 6(149 1807 11(77

set. In order to accommodate this effect, listeners were per-
mitted five response categories, including OR, but were ad-

vised that they should not necessarily expect to use all odf responses would be made in the band-pass and band-stop
them equally often. Listeners identified the vowel presentedonditions. The patterns of results in the pooled data in each
on each trial with a single key-press on a VDU. No feedbackpair of conditions were compared using a chi-squargd) (

about the accuracy of responses was given. test. They? value provides a metric for assessing the degree
to which the patterns of responses differ between pairs of
D. Results conditions. Table V lists thg? values for all pairwise com-

parisons among the four conditions. The patterns of re-
Table IV contains the confusion matrices for each of thesponses made in the dichoiBEP1 and BEPRconditions
four conditions pooled across the five listeners. These datgiffer significantly from each other, but only at tipe<0.05
were analyzed in three ways: first, to assess overall accuraClsye|, while the patterns in every other pair of conditions
second, to compare the pattern of responses between the foyfser significantly at thep<0.001 level (,((219)> 43.82). The
cqnditions; ar_1d.third, to compare the pa_ttern_s_ of reSpoNs&f;|yes in parentheses are the corresponding Va|u%299f
with the predictions of a model of vowel identification. computed from the submatrices containing responses to OO
In the dichotic conditions, with the data pooled over gng AR (the vowels for which both formants would have
subjects, each of the four stimuli in each condition was idenyeen clearly audible They show the same pattern as the
tified as the intended vowel more often than chaffeem overall analysis.
binomial probability,p<0.01, for each vowel The response The third analysis tested the prediction that listeners
category corresponding to the intended vowel received thgqiq classify the stimuli in the dichotic conditions by lo-
greatest proportion of the responses made to each of theying formants at the frequencies of the interaural phase
eight stimuli. Individually, four of the five listeners identified transitions, but would classify the stimuli in the diotic con-
the stimuli as the intended vowel significantly more often
than chance according to binomial probabil{fy<0.01 for o _
512 trials and 5 choicesThe fifth listener's responses were TABLE V: _A pairwise comparison of the patterns of d_ata prodzuced by the
. L L four conditions of experiment @rable IV). The values given arg“ values
at chance(21% correctly identifiell In the diotic control  which are larger the greater the differences. Values in parentheses were
conditions, listeners identified some stimuli consistently asomputed from the submatrices for the AR and OO stimuli.
the intended vowel, but made consistently different re

sponses to other stimuli. In the pooled data, the response BEP1 BEP2 Band-stop
category corresponding to the intended vowel received the Band-pass 671.6 791.5 1686.3
highest proportion of responses made to a stimulus in only (238.9 (294.9 (590.9
five out of the eight possible cases. Band-stop 9054 828.7

The second analysis tested the prediction of the mE-C Ep2 (32372'2 (288.2

model that the same pattern of responses would be made in 1.
the BEP1 and BEP2 conditions, while two different patterns
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trol conditions by interpreting the spectral profiles of the 100 . T T
band-pass and band-stop noises as the spectral envelopes of
vowels. In order to evaluate both parts of this prediction on
an equal footing, it was necessary to assume that listeners
extracted formants not only from the dichotic stimuli but also
from the diotic control stimuli. The vowel classifier de-
scribed in the Appendix includes rules for extracting for-

Residual
Activation (dB)

)
mants from both types of stimulus. In the dicho{BEP) b=
stimuli, the classifier assumes that formants are detected at §§
the frequencies of both interaural phase transitions in OO 'I§

and AR, but only at the lower-frequency transition in EE and
ER. In the diotic(contro) condition, the classifier assumes
that formants are detected at locations within the bands of
noise. The classifier includes rules for estimating the similar-
ity of formant frequencies extracted from stimuli to stored

i : i
numbers of identification responses. These predictions are 100 [t /W

Residual
Activation (dB)

templates, and for converting the similarities to predicted

listed in Table IV as the numbers in parentheses. & 80 _0,21 Fo __O(;1 F2 _
The accuracy of predictions was assessed by computing 32 60k V y i y |
product-moment correlation coefficients between the pre- &3 40h i |
dicted and observed numbers of identification responses. I§ 20 WM
Analyses were conducted on the pooled data from the two N A
diotic control conditions and on the pooled data from the two 00 500 1000 1500 O 500 1000 1500 2000
dichotic conditions, with 40 identification scores to be pre- Frequency (Hz) Frequency (Hz)

dicted in each case. The coefficient of correlation was 0.89
for the dichotic conditions; the vowel classifier correctly pre-F!G. 7. Residual-activation spectra from the mE-C model for the BEP1
dicted that the majority of identification responses made tgsﬂmu-“ (left column and BEP2 stimuliright column) used in experiment 3,

- : . ) owing peaks at the two transition frequenciesrked with arrowsin
each of the eight stimuli would correspond to the intendeckach stimulus. Descending each column, stimuli are identified as exemplars
vowel. The coefficient of correlation was 0.61 for the diotic of “AR,” “EE,” “"ER,” and “00.”
conditions. One way of judging the overall accuracy of this
prediction is to note that 11 cells in the matrices for the If dichotic pitches are not heard, the CAP account pre-
diotic conditions in Table IV received 100 or more re- dicts that listeners should hear the dichotic stimuli as band-
sponses. The classifier correctly predicted that 8 of these ldass and band-stop noises, in which case the dichotic stimuli
would receive more than 100 responses. A more critical tesshould have received the same pattern of identification re-
is to establish whether the accuracy of prediction declinesponses as the diotic stimuli. In fact, the patterns differed
when the rules for locating formants in the diotic and di- significantly from one anothdiTable V).
chotic conditions are reversed. If it is assumed that formants
are located at the band edges in the diotic conditions, the. predictions of the mE-C model
correlation between observed and predicted numbers of re-
sponses falls from 0.61 to 0.39. If it assumed that formant§he

are located within the noise bands in the dichotic Condltlons(:ation responses to the dichotic stimuli that were consistent

the correlation fallsl,.from 0.89 to 0.47. Overal, therefore’With detecting formants at the frequencies of the interaural
although the classifier does not make completely accuratﬁhase transitions in 0O and AR, and with detecting a low-
predictions particularly for the diotic conditions, its perfor- {requency formant in EE and ER' while noting the absence

,:Ea?f.et's con|3|steinth|th thte p:etﬂlct;on of th? mEf'fh m_o?eof a high-frequency formant. Figure 7 shows the recovered
at isteners locate formants at the requencies ot the in _ers'pectra generated by the model in response to each of the
aural phase transitions in the dichotic conditions, but within,

. : o e stimuli. Clearly, the model performs “too well” at high fre-
the noise bands in the diotic conditions. quencies: the recovered spectra contain two peaks at the fre-
quencies of the interaural phase transitions of all eight
stimuli. Thus, these spectra are incompatible with demon-
strations that listeners are unable to detect interaural phase
transitions at frequencies as high as 2000 (Mast, 1991.
Bernstein and Trahioti§1996 have shown that the deterio-

The CAP and mE-C models make divergent predictiongation of binaural masking release with frequency can be
with respect to experiment 3. The CAP model predicts thamodeled by incorporating the change from phase locking to
listeners should not be able to identify the intended vowels irthe waveform to phase locking to the envelope with increas-
the dichotic stimuli, primarily because the bandwidth of theing frequency. The mE-C model uses the Med(i986,
interaural transitions is too narrow to generate peaks at th&988 hair-cell model for this purpose. That model substan-
formant frequencies in across-frequency scans. tially overestimates the degree of phase locking at high fre-

The results of experiment 3 are broadly consistent with
predictions of the mE-C model. Listeners gave identifi-

E. Discussion

1. Predictions of the CAP model
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quencies. A peripheral model which is more accurate in thisield, 1995. Thus the balance of evidence favors the conclu-
respect should yield recovered spectra that reflect the inforsion that binaural analysis involves independent E-C in dif-

mation available to listeners more accurately. ferent frequency channels, rather than broadband E-C.
Released from the constraints imposed by broadband
V. GENERAL DISCUSSION E-C, it is not necessary to invoke central lateral inhibition to

The Huggins pitchHP) is produced by introducing an account for the BEP. The involvement of central lateral in-
9gns p P y 9 hibition was originally supported by evidence that the pitch

mterau'ral phase'trgnsn[on of 360 degrees over a narro\?Irequency of the BEP is offset from transition frequency by
bandwidth to a diotic noise. A closely related phenomenonB%_B% as are monaural edge pitches from the cutoff fre-

the binaural edge pitctBEP), is generated with an interaural quencies of low- and high-pass noises. Subsequent experi-

phase transition of 180 degrees. In each case, listeners hear a . .
tone with a pitch which matches the center frequency of th (ents by Hartman(i9844 and by Frijnset al. (1989 failed

o . . ?o corroborate the involvement of central lateral inhibition
transition, suggesting that a binaural process produces an . . S

. ) ~. and failed to replicate the offset in pitch matches. Nonethe-
output spectrum with a single spectral peak at the transition

frequency. The experiments described in this paper demo less, the existence of the binaural coherence edge pitch

strate that most aspects of these phenomena do not requirZHartmann, 1984pprovides independent evidence of the ex-

; . istence of central lateral inhibition. These results would be
special explanatory framework beyond that provided by the L . X

L . . X reconciled if the mE-C process generated the primary audi-
general principles of binaural unmasking which are embod:

ied in the ME-C model. The model applies equalization OfIory representation of the BEP, and central lateral inhibition

. . . enhanced edges in that representation. In this case, the larg-
level and internal delay in each frequency channel indepen- - . .
. . ) est contribution to the BEP would derive from the primary
dently and then cancels by interaural subtraction. This pro- . . " o
. Lo representation with a small additional contribution from lat-

cess detects the degree of interaural decorrelation in each’, =~ .~ . ) ;
) .~ eral inhibition which results from less effective cancellation
frequency channel. It yields an output spectrum which is

closely related to a plot of interaural decorrelation by fre—Of the N, noise.

. . . Further evidence against the aE-C model was provided
guency. That spectrum contains a single peak at the transi- : ) . X
k N : y experiment 3. This model predicts that listeners hear low-
tion frequency of HP and BEP stimuli. An attraction of ac- ; ; . .
: . . or high-pass noise when presented with a BEP stimulus. In
counting for the HP and BEP with the mE-C model is that a ! L . .
. i ; : : experiment 3, two transitions at frequencies which corre-
satisfactory explanation can thus be achieved without invok- .
) o o sponded to vowel formant frequencies were used to produce
ing additional perceptual processes. This simplicity is nOtstimuliwhich sounded like vowels in noise. According to the
shared by the aE-C and CAP models. ' 9

. . E-C model, binaural analysis converts these stimuli into
The aE-C model incorporates a conventional model oﬁand- ass or band-stop noises. depending on whether the
binaural unmaskingbroad-band E-LC However, in the case P P » Gep 9

of the BEP the output of this process is a high- or low-pas noise was in-phase or out-of-phase between the two transi-

. ; - tion frequenciegsand on whether the binaural system adds or
noise, so the aE-C model needs to invoke central lateral in- . S
o " . subtracts the signals at the two gaiEhen, lateral inhibition
hibition as an additional process in order to produce a spec- o
. . " enhances the spectrum near the transition boundary exactly

trum with a single peak near the transition frequency. The . 4
. X . as for a monaural edge-pitch. Thus, the model predicts that

CAP model incorporates a conventional multi-channel cross: : ot -
. . . listeners should give similar responses to these stimuli as to
correlation process, typical of models of binaural sound lo-,; ; !
o . . . diotic band-pass and band-stop noises, and that listeners
calization, but in order to find spectra with peaks at the tran-

sition frequencies of HP and BEP stimuli the model requireﬁs.hoUId hear the approprlate.vowels in both cases. !n fagt,
. . isteners heard the appropriate vowels from the dichotic
an additional across-frequency scanning process.

. : timuli, but produced a systematically different pattern of
The following paragraphs review the strengths andfesponses for the band-pass and band-stop noises. The aE-C

weakness of the three alternative models of dichotic-pitch . . i
) . Co model can only be reconciled with these results if the lateral
phenomena in the light of the results reported in this paper. . . o :
inhibition process which it uses is assumed to be much stron-

A. The aE-C model ger than the lateral inhibition procées which generate the
Fnonaural edge pitch. In conclusion, we suggest that the aE-C

The aE-C model invokes two processes to account fo .
the BEP:(1) broadband E-C an(®) central lateral inhibition mode| should be_r_ejecte_d_as an account of the HF.’ ar_1d_ BEP’
but that the conditions giving rise to central lateral inhibition

on the residue after cancellation. Broadband E-C is equiva*
lent to applying the same equalizing and cancelling opera§hOUId be explored further.
tions in each frequency channel. This process differs fro

processes performed by the mE-C model where different drg%' The CAP model

lays can be applied in different channels. Strong evidence in  The CAP model is based on four interrelated ideas. First,
favor of using different delays is that the mE-C model pro-an array of interaural cross-correlation functions is computed
vides the only complete account of the Fourcin pi(Elour-  forming a two-dimensional central activity pattern in fre-
cin, 1970; Cullinget al,, 1998. Supporting evidence comes quency and interaural delay. Second, attention can be fo-
from demonstrations that the model provides a straightforeused on individual across-frequency scans taken at particu-
ward account of the HP and BEP, as shown in the presedar interaural delays. Third, in certain respects, these across-
paper, and of a range of other cases of binaural maskinfrequency scans, or “central spectra,” can be interpreted like
release involving broadband signdlSulling and Summer- monaural spectra; in particular, sharp peaks in scans, but not
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broader peaks, give rise to the perception of tones. Fourth, L L L I L
the interaural delay of a scan determines the lateralization of
the features detected within it.

Bilsen and his colleagues have argued that the CAP
model provides a basis for explaining three aspects of the HP
and BEP:(1) their frequencies(2) their masking patterns;
and (3) their lateralization. In the paragraphs which follow,
we argue that there are plausible alternative accounts of the
first two of these aspects, though not yet of the third.

BMLD

1. Detection and pitch matching of the HP and BEP

A weakness of the CAP model is that it includes no
explicit mechanism for choosing which across-frequency
scan receives a listener's attention and determines the sound T
pattern that is heard. Instead, the model relies on some scans 0 20 40 80 80 100 120 140 160 180
containing features of sufficient prominence that they com- Phase difference (degrees)
mand attention. In this respect, the explanatory power of the
model is materially reduced when it is implemented with FIG. 8. The relationship between BMLDs and the relative interaural phase

realistic frequency and temporal resolution in place of thé)f masker and tone. Th_e filled symbols_are empirical data_ frqm Jeffress
q y P P et al. (1952, the dashed line was fitted using E4), and the solid line was

idgalizgd pa_ra_meters used by Raatgever and Bi¢$986' fitted using Eq.(7). Data from Jeffresgt al. (1952 were digitized from a
With this revision, features that appeared as prominent peakganned image of their Fig(f).

in scans generated by the original version of the model may

be diffused to the point where they should no longer com- , ) i
mand attention. by using target tones of different frequencies and by apply-

A critical test is provided by BEP stimuli created with ing interaural delays to the masker in order to place different

very narrow interaural phase transitions. The original versio@/ts Of the CAP in the center of auditory space. For each
of the model predicts that such dichotic pitches should bdteraural delay, thresholds were measured at a range of dif-
harder to detect than pitches created from broader transitionErent frequencies. The BMLDs ¢:NoSo) were plotted as a
The “smoothed” version of the model incorporating realistic function of frequency and were compared with across-

frequency resolution predicts that dichotic pitches should nofféduency scans generated by the CAP model. The resulting

be heard in such stimuli. However, experiment 1 showed thaicaNs Were _qualitative_ly similar to thresho!ds predicted from
the pitch sensation produced by such stimuli is as strong a&'¢ CAP[Using Eq.(7) in Raatgever and Bilsen, 1986
that produced by stimuli with wider transitions. Experiment Potentially, these 'resfuilts provide powerful evidence lis-
2 showed that this pitch closely matches that of a tone whoslgners can attend _to |nd|V|_d_uaI across-frequency scans, and
frequency is equal to the transition frequency. Experiment 31US that they are in a position to detect the features in such
showed that stimuli containing two such transitions at fre-Scans that support the perception of dichotic pitches. How-

quencies which correspond to vowel formant frequencies cafiVe!» the following analysis demonstrates that the pattern of

be identified as vowels in noise. Thus, the results of experiMasking release across frequency reported by Raatgever

ments 1, 2, and 3 contradict the predictions of the CAP(1980, Raatgever and Bilse1986, and Frijnset al. (1986
model. can be predicted without invoking the assumption that the
Further evidence against the predictions of the CAFJistener hgs attendgd to a particular spatial location. There is
model was provided by Culling and Summerfiglt995), an established relatlonshlp between the BMLD and the phase
Hukin and Darwin(1995, and Darwin and Hukin1997. difference between the interaural phases of the target tone

They demonstrated that listeners are very poor at groupin®s) and the masking noised). Durlach and Colburn
energy in separate frequency regions which share the sanye?78 Pointed out that “to a rough approximatiofthe
interaural delay. An across-frequency scanning mechanistiMLD] depends only on the phase difference,{ ¢)

of the kind used in the CAP model would have been able td@ther than on the individual values @, and ¢s.” This
perform such across-frequency grouping relationship is illustrated in Fig. filled symbolg with data
' from Jeffres=et al. (1952. The interaural delays used in that

study have been converted to the corresponding phases in the

figure. A satisfactory fit to the data can be produced using
Raatgeve(1980, Raatgever and Bilsef1986, and Fr-  Eq. (4) and is illustrated by the dotted line in Fig. 8:

ijns et al. (1986 used measures of binaural masking release

to support the idea that listeners can attend to individual ~ BMLD =BMLD ,,sin( ¢/2)|. (4)

across-frequency scans in the CAP. They measured the

threshold for detection of a diotic tone in the presence of a  In this equation,¢ is the difference in interaural phase

dichotic pitch stimulus, which acted as a masker. It was arbetween signal and noisep{— ¢s) and BMLD,,, is the

gued that listeners could restrict attention to a single spati@d8MLD in dB which is obtained with No% versus NoSo. For

location (the center while performing the task. The CAP a dichotic pitch stimulus, the interaural phase of the masker

was sampled at specific frequency/internal-delay coordinateis frequency dependent. The threshold for detecting a tone of

2. Measurements of the CAP
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frequencyf is therefore dependent on the interaural phase of ' ' ' ' '
the masker at that frequenay; . If, as in the experiments in
guestion, an interaural delay has also been applied, E®)
is required:

Pn=2mf 7o+ Ps. (5)

Since ¢s=0, this is also the expression fab,— ¢s.
Substituting Eq(5) into Eqg. (4), we obtain

BMLD =BMLD o) Sin([ 27 7o+ ¢1/2)]. (6)

For comparison, it is necessary to substitute (#Zgfrom
Raatgever and Bilsef1986 into their Eq.(6) to obtain

BMLD

BMLD (dB)

BMLD (dB)

1 BMLD /10
(1OPMLPmad10_ 1) [ 14 L cog2mfr+ )]+ 1]
(7)

where 7; is the internal delay. However, since this internal
delay is interrogated using an interaural delay applied to the
noise, ;= 7e.

Although Eqgs.(6) and (7) look different, each expres- 0 200 400 600 800 1000 1200
sion relates the BMLD monotonically to the difference in Frequency (Hz)
interaural phase @7<¢) between the tone and the masker N _ .
a the requency of the tone. The equations difer in that EqEIC, % The STETIe® o0 pecied SuLos o Fiel 1960 o2
(6) defines a function whose slope decreases with iNCreases§, and(c) interaural delays of 0, 0.83, and 1.25 ms have been applied to
in the phase difference, while E¢7) defines a function of the masker. The open symbols are the empirical data from Fig. 9 of Frijns
increasing slope. In Fig. 8, the solid line was derived fromet al. The solid lines are predictions based on their mdée]. (7)]. The

. . dotted lines are predictions based on the phase difference between tone and
Eq. (7). The accuracy of its fit to the data of Jeffrestsal. masker[Eqg. (6)]. In each case, BMLR,, is a function of frequency which

(1952 can be compared with the empirical fit of EGf) was derived by fitting a fourth-order polynomial function to the®b data
which is plotted as the dotted line. of listener FB in Raatgever and Bils¢h986, Fig. 9. The empirical data

Figure 9 compares the accuracy with which E@.and were digitized from scanned images of the published figures.
(7) predict the BMLD data obtained by Frijret al. (1986 )
using a BEP stimulus as the masker. The transition freHP and BEP, because the sharp peaks in across-frequency
quency was 600 Hz with a transition bandwidth of 36 HzScans that are judged to be responsible for these dichotic
(6%). The open circles plot the empirical BMLDs; the pre- pitches occur at the particular internal delays which corre-
dictions from Eq.(6) are shown as dotted lines, those from spond to the_ perceived lateralizatignof the pitches. Raat-
Eq. (7) as continuous lines. The data in the top panel werdl€ver and Bilsert1986 demonstrated that the reported lat-
obtained with no interaural delay applied to the masker€ralizations for HP stimuli correspond closely with the
those in the middle panel with a delay of 0.83 ms, and thos@redictions of the CAP model. They also demonstrated that
in the bottom panel with a delay of 1.25 ms. This figure maythe lateralization can be shifted in a consistent fashion by
be compared with Fig. 9 of Frijnet al. (1986, p. 449 The applying additiona_ll .interagral delays to .sti.muli. Frijasal.
predictions derived in the present paper, based empiricall 986 reported difficulty in collecting similar data for the
on the relationship between BMLD angl,— ¢, are as ac- BEP. Using a rather complex procedure, they confirmed that
curate as those based on the CAP model. two of three listeners frequently perceived lateralizations

The foregoing analysis shows that it is not necessary t§onsistent with the peak at1.25-ms internal delay in Fig.
assume that listeners attended to a particular spatial locatio®- However, these listeners also frequently heard centrally
during the BMLD experiments of Raatgevér980, Raat- located images. The third listener reported centrally located
gever and Bilser{1986), and Frijnset al. (1986). Therefore, images almost exclusively. _
the results of those experiments do not prove that listeners The ME-C model is not intended to predict the lateral-
can attend to particular across-frequency scans in the CARZation of sounds and we have not found a satisfactory way
Rather, they confirm that the size of the BMLD is largely © extend it to predict the lateralization of the HP and BEP.
determined by the relationship between the interaural phasédlus the original version of the CAP model provides the

of signal and masker within the frequency channel occupie@my account of the lateralization of the HP. Its predictions
by the signal. with respect to the lateralization of the BEP are also sup-

ported by the data, but to a more limited extent.

=10 logq

BMLD (dB)

3. The lateralization of the HP and BEP VI. CONCLUSIONS

It is an important feature of the original version of the The arguments presented in this paper reinforce the con-
CAP model that it can account for the lateralization of theclusion that the aE-C model is inadequate to account for the
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characteristics of dichotic pitches because of the limited exTABLE Al. Frequencies in Hz of the templates corresponding to each re-

planatory power of broadband E-C. However. we believesPonse category and of the formant frequencies estimated in the four classes
’ ' T Tof stimuli used in experiment 3.

that one component of that model, central lateral inhibition P

warrants further study. The relative merits of the CAP and Vowels
mME-C models can be summarized as follows. The mE-C AR EE ER 00 OR
model has the weakness that it does not predict the lateral- F1 F2 F1 F2 F1 F2 F1 F2 F1 F2
ization of dichotic pitches. The CAP model, on the other Diotic templatesHz)
hand, accurately predicts the lateralization of the HP and to a 658 1001 269 2115 540 1640 281 1140 362 695
lesser extent that of the BEP. In every other respect that we _
have investigated, the mE-C model provides a more satisfac- Dichotic templategHz)

' 658 1001 269 269 540 540 281 1140 362 695
tory account. First, it automatically produces an output speceondition Formant estimate#iz)

trum which_is qgalitgtivel_y cqnsistent with the.spectral fea- andpass 713 883 650 1500 950 1600 413 788
tures pgrcewed in dlchptlc p|tches. !n comparison, the CA Band-stop 388 1613 188 2088 388 2088 188 1613
model is under-specified in that it contains no explicitggpy 625 975 225 1925 625 1925 225 975-
mechanism for choosing which of the available array of cenBepP2 625 975 225 1925 625 1925 225 975-
tral spectra determines what is perceived, nor for distinguish
ing peaks in scans which are perceived from those which are

not perceived. Second, the mE-C model is more parsimoni-

ous in that it does not assume any perceptual processes h¢sed directly in modeling listeners’ responses to the diotic
yond those which are strictly necessary to account for binauband-pass and band-stop stimuli. They are listed in Table Al
ral masking release, while the CAP model incorporates ams the “diotic” templates. When considering the dichotic
across-frequency scanning process which is not required t®BEP) stimuli, it was necessary to accommodate the strategy
account for any independent findings. Indeed, Culling andvhich listeners were presumed to have adopted; that is, of
Summerfield(1999 and Hukin and Darwin(1999 sought dentifying OO and AR from both interaural transitions,
independent evidence of such a process but found no eviyhile identifying EE and ER from the lower transition only,
dence for its existence. Third, the mE-C model was designeghile noting the absence of a higher transiti@ec. IV A).

with, and operates successfully using, realistic parameters @fere F1 and F2 had the same values in the “dichotic”
frequency and temporal resolution, while the CAP model istemplates for 00, AR, and OR as in the diotic templates for
not robust when implemented with realistic parametergs. those three vowels. For EE and ER, however, the frequency

1 and Zf Fourth, tge Z]E';jch model cgrrc;ctrlly predictg the ot F1 was assigned tboth F1 andF2. These values are
range of transition bandwidths over which the HP an BEI:’Iisted in Table Al as the “dichotic” templates. Frequencies

are audible, while the CAP model fails to predict that thefor two formants were estimated in each stimulus in the di-

BEP is clearly audible with very narrow transition band- otic (contro) conditions and in the dichoti®@EP) conditions

widths (experiments 1-3; Figs. 2 and.4 ) . e " ;
Theseparguments favorg:he explanation for the Hugginén the following ways. In the Fﬂoho{contr_ob conditions, it

pitch and the binaural edge pitch offered by the mE-C model? &> assumed th.at.the perce_wed locations (_)f the formants

However, before its account can be fully accepted, the redVust be well within the noise bands. Various different

sons for the perceived lateralization of dichotic pitches will SCchemes for placing the formants were explored, but the re-

need to be understood. sults of the modeling were found to be relatively insensitive
to this variable. In thdand-passondition,F1 was taken as
ACKNOWLEDGMENTS the frequency one-quarter of the way through the noise band

above its low-frequency edge, while2 was taken as the
The authors thank Johann Raatgever and Steve Colbuffequency three-quarters of the way through the noise band.

for helpful discussions and for suggesting improvements t@n the band-stop condition, F1 was taken as the mid-
Experiment 3, Alain de Cheveigrfer useful comments on  frequency of the lower-noise band. Where a band started at 0
an earlier draft of this paper, and Frans Bilsen and Bill Hart-; 'jts |ower edge was taken as 150 Hz for the purpose of

mann for their thorough and insightful reviews. this calculation in order to avoid estimatesfef outside the
range found in adult male speedi2 was taken as the mid-
APPENDIX: VOWEL CLASSIFIER frequency of the upper noise band. Where a band extended to

The pooled identification responses of listeners in exin® Nyquist frequency, its upper edge was taken as 2250 Hz
periment 3 were predicted by simple template-matchind©r the purpose of this calculation in order to avoid estimates
models of vowel classification derived from the PEAK pro- of F2 outside the range found in adult male speech. In the
cedure described by Assmann and Summer{i#889. The BEP1 and BEP2 conditions, the frequencieEFClJ‘ andF2
templates were the center frequencies of the first two forwere taken as the center frequencies of the two 180-degree
mants(F1 and F2) of each of the five vowels that were interaural phase transitions for OO and AR; for EE and ER,
available as response categories. These frequencies were #ve center frequency of the lower-frequency transition was
erages of measures from the speech of four adult male talke&ssigned to botF1l and F2. The spectral distance; be-
of British English, each of whom produced five tokens oftween stimuluss and each of the templatésvas calculated
each vowel in an /h/—vowel—/d/ context. These values weraising Eq.(Al):
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di
_ \/('0910(f1s) —log,

apply the same cancelling delay in all channels, it would erroneously pre-
dict that more masking release would be measured in case 2 than case 1.
®The split peak which occurs for the HP when=64% occurs whenever the

transition band is approximately one octave. When the transition band is
narrower, the phase transition produces interaural decorrelation, which is
detected by the mE-C model as a spectral peak. However, when the tran-
sition extends over an octave the phase transition is approximately equiva-

wheref s andf,g, are the frequencies in Hz of the first and . =2 e . .

d formants estimated in the stimulus. &ndand f lent to an interaural delay within the transition region. The duration of the
second 1o > =2 . » an 2i delay is half the period of the center frequency of the transition band. So,
are the frequencies in Hz of the first and second formants fokior a 600-Hz transition, the delay is 3.33 ms. The model can apply this
templatei. The number of responses,, out of a total of delay within the transition region and largely cancel the noise. At the edges

: : ; of the transition region, there are sharp changes in interaural de&y
320 gIVQn tp response categaryNas calculated us_lng Eq. tween 0 and 3.33 mswhich prevent the model from performing cancella-
(A2) Whmh incorporates the 'defﬂ _that the proportion Of re- tion and so cause lateral peaks in the recovered spectrum on either side of
sponses given to response categaig/a function not only of  the transition. Informal listening indicates that these peaks can sometimes
the similarity of the stimulus to template but also of its

be heard.
similarity to the other four templates:

ol F10))?+ (10gsof f25) —10gso( F21))?
2

(A1)

"One way in which the mE-C model might be extended to predict the later-
alization of the HP and BEP is as follows. The binaural detection of a tone

e di/K could trigger perceptual segregation mechanisms that label the frequency
n=32 (A2) channels close to the transition as containing a separate auditory object
! EiS: 1e_di K from the background noise. The auditory system might lateralize the per-

ceived tone by pooling the cross-correlation functions in the labeled chan-

The constanK was adjusted to minimize the squared error nels and identifying the largest peak in the pooled function. This approach

. is consistent with demonstratiofi) that segregation of concurrent sources
between predICted and observed numbers of responses. T@%sound occurs prior to lateralizatiga.g., Hill and Darwin, 1996 and(2)

resulting value oK was 0.1. The resulting values of are that the lateralization of broad-band sounds can be predicted from the in-

tabulated in parentheses in Table IV. teraural delay of the largest peak in pooled cross-correlation functions
(Shackletoret al, 1992. However, this strategy does not predict the lat-
eralization of the HP and BEP correctly, because the cross-correlation func-

efion in the frequency channel centered on the transition of a HP stimulus
contains a peak at an interaural delay of 0 ms, whereas the tone is clearly
lateralized to one side or the other.

Several taxonomies of dichotic pitches can be defined. The one which is s
out in the Introduction regards the “MPS Pitch” described by Bilsen
(1977 and Raatgever and Bilséth986 as a multiple Huggins pitch which

inherits its properties from the component pitches; since the Huggins pitch
is the most salient of the pitches in our classification, a stimulus with many
Huggins pitches is proportionately more salient. On the other hand, we

have preserved the distinction between the Huggins pitch and the binaur

@ssmann, P. F., and Summerfield, A. Q989. “Modeling the perception

edge pitch, although the distinction may be artificial. The binaural coher- of concurrent vowels: Vowels with the same fundamental frequency,” J.

ence edge pitch, described in an abstract by Hartnia®84b and in Sec.
I A, of this paper, may be more deserving of separate classification.

Acoust. Soc. Am85, 327-338.
Bernstein, L. R., and Trahiotis, G1996. “The normalized correlation:

Zn generating the CAP, cross correlation was employed as a simple math- Accounting for binaural detection across center frequency,” J. Acoust.

ematical surrogate for a process of neural coincidence detection using
range of different delays. Jeffre€5948 suggested that localization on the

aSoc. Am.100, 3774—3784.
Bilsen, F. A.(1977). “Pitch of noise signals: Evidence for a ‘central spec-

basis of interaural time delays was based on an array of units in the medialtrum,’ ” J. Acoust. Soc. Am61, 150—161.
superior olive which are connected to the two ears by axons with varyingilsen, F. A., and Goldstein, J. 1(1974. “Pitch of dichotically delayed
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