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The two most salient dichotic pitches, the Huggins pitch~HP! and the binaural edge pitch~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-cancellation’’~mE-C! model. The
CAP model proposes that a dichotic pitch is heard at frequencyf when an individual
across-frequency scan in an interaural cross-correlation matrix contains a sharp peak atf . The mE-C
model proposes that a dichotic pitch is heard when a plot of interaural decorrelation against
frequency contains a peak atf . 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 generated~0.5% of the transition frequency!. Experiment 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 America.@S0001-4966~98!05906-2#

PACS numbers: 43.66.Ba, 43.66.Dc, 43.66.Pn@RHD#
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INTRODUCTION

Dichotic pitches arise through processes of binaural
teraction when broadband noises are presented to the
ears ~i.e., the pitches cannot be heard monaurally!. The
present investigations of these phenomena were motiv
by the observation that the dominant account of th
pitches, the CAP model~Bilsen, 1977!, invokes a process
similar to ‘‘across-frequency grouping by common interau
time delay~ITD!.’’ This is a putative process in which en
ergy in different frequency regions originating from the sa
source would be grouped together by virtue of possessing
same ITD. However, several recent experiments~Culling and
Summerfield, 1995; Hukin and Darwin, 1995; Darwin a
Hukin, 1997! have cast doubt on the idea that auditory ana
sis includes the capacity to group energy in this way. Cull
and Summerfield proposed instead that each frequency c
nel in the binaural system operates independently when
covering signals from noise. They embodied this concep
a multi-channel model of binaural unmasking~the mE-C
model!. This model makes acceptably accurate prediction

a!New address: University Laboratory of Physiology, Parks Road, Oxf
OX1 3PT, United Kingdom.
3509 J. Acoust. Soc. Am. 103 (6), June 1998 0001-4966/98/103(
-
wo

ed
e

l

e
he

-
g
n-

e-
in

of

the clarity and frequency of dichotic pitches. In the course
the present investigations, it also emerged that, despite
intuitive appeal, the CAP model has some previously un
ported shortcomings. Consequently, this article and its co
panion~Culling et al., 1998! have two objectives. The first is
to demonstrate that the CAP model, employing an acro
frequency process, does not predict dichotic pitches c
rectly. The second is to show that the mE-C model, with
such a process, can explain them well.

Four dichotic pitches have been described:1 the Huggins
pitch ~Cramer and Huggins, 1958!, the binaural edge pitch
~Klein and Hartmann, 1981!, the Fourcin pitch~Fourcin,
1970!, and the dichotic repetition pitch~Bilsen and Gold-
stein, 1974!. These four phenomena fall into two classe
which differ in their method of generation. The Fourcin pitc
~FP! and the dichotic repetition pitch~DRP! are generated by
applying large interaural delays (.1 ms) to broadband
noise. To generate the FP, two independent noises are
sented simultaneously and binaurally. The two noises h
different interaural delays. If an interaural phase shift of 1
degrees is given to one of the noises, the period of the
ceived pitch frequency is equal to the difference between
two interaural delays~Fourcin, 1970; Bilsen and Goldstein
1974; Bilsen, 1977!. Without the interaural phase shift, th

d
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overall pitch is ambiguous~Bilsen, 1977!. To generate the
DRP, a single noise is presented binaurally with a large
teraural delay~2–20 ms!. The period of the perceived pitc
frequency corresponds to the interaural delay~Bilsen and
Goldstein, 1974!. Although there are similarities between th
stimuli which give rise to these two pitches, the FP is mu
more salient perceptually than the DRP. A companion pa
~Culling et al., 1998! compares explanations for the FP a
the DRP. It argues that the FP is produced by the sa
mechanism that underpins the Huggins pitch and the bina
edge pitch, while the DRP is produced by a different mec
nism.

The Huggins pitch~HP! and the binaural edge pitc
~BEP! are generated by producing an interaural phase t
sition at a particular frequency within a broadband noise.
the HP, the noise is identical at the two ears below the tr
sition frequency. At the transition frequency, the interau
phase relationship changes sharply with increasing
quency, shifting through 360 degrees over a narrow ba
width ~e.g., 6% of the transition frequency!. Above the tran-
sition band, the noise is identical at the two ears. For
BEP, a similar transition occurs, but over a range of only 1
degrees, so that the noise is out-of-phase between the
above the transition frequency and in-phase below, orvice
versa. HP and BEP stimuli both evoke the perception o
pure-tone-like pitch, corresponding approximately to t
transition frequency, which can be heard against the ba
ground of the noise~Guttman, 1962; Klein and Hartmann
1981; Frijnset al., 1986!. The more salient percept is pro
vided by the HP, but the BEP is also clearly audible by na
listeners. Most listeners hear the HP lateralized to one sid
the other. Some listeners also hear the BEP lateralized a
from the mid-line.

I. MODELING HP AND BEP

A. The central activity pattern „CAP… model

The central activity pattern~CAP! ~Bilsen, 1977; Raat-
gever and Bilsen, 1986; Frijnset al., 1986! is similar to an
interaural cross-correlation matrix2 of the kind proposed by
Jeffress~1948, 1972! to account for the lateralization o
sound sources. The CAP is a matrix which displays a ma
interaural correlation by frequency and interaural delay.
explain the HP, Raatgever and Bilsen~1986! suggested tha
the matrix might be scanned across frequency at a cho
internal delay to produce a ‘‘central spectrum,’’ whose stru
ture would determine the pitch and timbre of the perceiv
sound. The CAP model does not include an explicit mec
nism for choosing which of the many possible acro
frequency scans is selected. Rather, Raatgever and B
~1986! suggested that the mechanism ‘‘recognises and
lects the frequency spectrum information by making use
cues like harmonicity and depth of modulation ora priori
knowledge of spectral features’’~p. 431!. Despite the lack of
an explicit selection mechanism, there is intuitive appea
the idea that attention can be directed selectively to an i
vidual across-frequency scan, since in real listening sit
tions one would expect such scans to display the spectr
sound sources which lie on different azimuths. The C
3510 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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model adheres to this principle rigorously: dichotic pitch
are explained by features found in the spectrum of a sin
scan; evidence from several scans is not combined.

Raatgever and Bilsen illustrated the workings of t
CAP model with a computational procedure in which t
interaural phase relationship at each frequency was use
generate a pattern of activity which was a sinusoidal funct
of internal delay@Raatgever and Bilsen, 1986, Eq.~6!#. We
refer to their formulation as the ‘‘original’’ version of the
CAP model. The sinusoidal functions were accepted as
approximation to the corresponding cross-correlation fu
tions. In fact, they are equivalent to cross-correlation fu
tions produced with infinitely long time windows and infi
nitely narrow frequency channels. The following paragrap
demonstrate that these assumptions materially affect the
dictions of the CAP model.

Figure 1~a! and~c! shows CAPs generated by the orig
nal version of the model.3 Figure 1~a! illustrates the CAP of
a HP stimulus with the transition frequency at 600 Hz an
transition bandwidth of 6%.4 The model produces peaks
the transition frequency in some across-frequency scans.
example, the inset illustrates such a peak in the scan take
an interaural delay of 0.83 ms. Similar peaks can also oc
in across-frequency scans of BEP stimuli. Figure 1~c! shows
the CAP of a BEP stimulus with the transition frequency
600 Hz and a transition bandwidth of 6%. The inset conta
the across-frequency scan taken at an interaural delay of
ms. In discussing the BEP, Frijnset al. ~1986! drew attention
to the sharp peak at 600 Hz which is found in this scan.

A difficulty in relating the predictions of the origina
version of the CAP model to the performance of listeners
that the model assumes unrealistically high values for
frequency resolution of the auditory system. Figure 1~b! and
~d! shows the results of convolving the CAPs of Fig. 1~a!
and~c! across frequency with a rounded-exponential-sha
moving-average filter which increases in bandwidth with f
quency in accordance with estimates of the bandwidth
auditory filters@Moore and Glasberg, 1983, Eq.~3!#. Such an
integration across frequency in order to obtain more reali
patterns was suggested, but not performed, by Raatgeve
Bilsen~1986!. We refer to the formulation of the CAP mode
that incorporates this smoothing filter as the ‘‘smoothe
version. After smoothing, the peaks in across-freque
scans are very much less apparent, but, in this example
main visible.

An important prediction of the CAP model is that th
strength of the BEP, like that of the HP, should be reduced
eliminated when stimuli have very narrow transition ban
widths. This prediction is tested in experiment 1. To illu
trate the prediction, Fig. 2 shows scans generated by
original ~dotted lines! and smoothed~solid lines! versions of
the model for HP and BEP stimuli with transitions at 600 H
The scans were taken at a delay of 0.83 ms for the HP
1.25 ms for the BEP~similar to the insets of Fig. 1!. Scans
have been plotted for transition bandwidths,w, which are
0.5%, 1%, 8%, and 64% of the transition frequency. In t
limit, asw is reduced, the transition band of the HP becom
infinitesimally small and so the stimulus becomes a dio
noise. In practice, the limit is reached whenw is less than or
3510Culling et al.: Dichotic pitches. I
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FIG. 1. The effect of the assumptions made by Raatgever and Bilsen@1986, Eq.~6!# in predicting the HP and BEP:~a! ‘‘original’’ CAP for a HP, produced
from Eq.~6! of Raatgever and Bilsen~1986!; ~b! ‘‘smoothed’’ CAP produced by convolving the original CAP in panel~a! with a rounded-exponential-shaped
moving-average filter whose bandwidth varied with frequency according to Moore and Glasberg@1983, Eq.~3!#; ~c! original CAP for a BEP;~d! smoothed
CAP for the original CAP in panel~c!. The insets show across-frequency scans taken at optimal internal delays for detecting peaks at the transition fre
~0.83 ms for HP and 1.25 ms for BEP!.
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equal to the frequency spacing between adjacent bins in
Fourier spectrum of the stimulus. For the stimuli used
create Fig. 2, the limit is reached whenw is 0.5%. For this
value of w the transition bandwidth for the HP stimulus
effectively 0%. Such a limit does not exist for the BEP.

For w51% and w58%, the scans produced by th
original version of the model~dotted lines! contain spectral
peaks at the 600-Hz transition frequency which are cha
terized by high amplitude and narrow bandwidths. Acco
ing to the CAP model, these ‘‘sharp peaks’’ are respons
for the perception of the dichotic pitch. The sharp peaks
produced by the changing phase within the transition ba
This phase shift compensates for the internal delay at
one frequency within the band, to produce maximal cr
correlation at that frequency. Since the phase change
abruptly with frequency, the same effect does not occu
closely adjacent frequencies, where the idealized cross
relation is consequently much lower. It is a necessary
quirement of the model that peaks with broader bandwid
such as those which occur at 1200 Hz in the panels of Fig
are not treated as candidate pitches. Consistent with
3511 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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view, whenw564% ~bottom panel in each column!, where
the stimuli no longer give rise to tonal pitches~Cramer and
Huggins, 1958!, the peaks at the 600-Hz transition frequen
are broader than whenw58%.

In contrast to the scans produced by the original vers
of the model, the scans produced by the smoothed ver
include peaks at the transition frequency which reduce
height and width as the transition bandwidth is reduced fr
8%, through 1%, to 0.5% for both the HP and BEP. Sinc
higher, narrower peak occurs forw58% than for w
50.5%, w51%, or w564%, the smoothed version of th
model predicts that both the HPand the BEP should be hear
most clearly at intermediate values ofw. In particular, it
should be harder to hear the BEP whenw equals 0.5% or 1%
than whenw equals 8%.

In discussing the BEP, Frijnset al. ~1986! distinguished
the tonal quality of the dichotic pitch from the percept of
low-pass or high-pass noise which may also be heard,
pending on whether the in-phase portion of the noise is
low or above the transition frequency. The CAP account p
dicts that these percepts will determine the pattern
3511Culling et al.: Dichotic pitches. I



a

ed

ec
l
n
t
n
a
t-
a

s
a
fre
io

ran-
e.
o a
be

ar a
tral
ise
l
n,
a

rt-
d

to
ural
and
hes
si-
ws
ch
nd

fset
fset
o-

the
el
or
is

an-
ile
ce

tion
t in
is-
ro-
ad-
ue
the

con-
s
lis-

tte
an
lly
w

itio
the
rn

nc

r-

e
the
listeners’ responses when dichotic pitches cannot be he
This prediction is tested in experiments 2 and 3.

B. The augmented equalization-cancellation „aE-C…

model

Durlach~1962! pointed out that the HP can be explain
by the equalization cancellation~E-C! model of binaural
masking release~Durlach, 1960, 1972!. In this model, the
signals from each ear are equalized by any or all of a sp
fied set of transformations~including changes in interaura
delay, phase, and level!, and are then cancelled by additio
or subtraction. The E-C model was originally developed
account for the detection of tones in noise, and so did
include separate operations within different frequency ch
nels. In line with this formulation of E-C, Klein and Har
mann~1981! also applied transformations to the whole sign
when accounting for HP. In this case, the E-C proces
particularly simple. Since the waveforms at the two ears
largely identical, they can be cancelled over most of the
quency range by subtraction without any prior equalizat

FIG. 2. Across-frequency scans from central activity patterns. The do
lines are scans derived from the original CAP model of Raatgever
Bilsen @1986, Eq. ~6!#. The solid lines are the same scans spectra
smoothed by a rounded-exponential-shaped, moving-average filter
bandwidth varying according to Moore and Glasberg@1983, Eq.~3!#. In
different panels the patterns for the HP and BEP have nominal trans
bandwidths,w, of 0.5%, 1%, 8%, and 64%. The vertical arrows indicate
frequency of the perceived pitch of 600 Hz. The scans are taken at inte
delays which are optimal for detecting peaks at the appropriate freque
~0.83 ms for HP and 1.25 ms for BEP!. ~Note that the effective bandwidth is
0% whenw is set to 0.5% for the HP stimulus.!
3512 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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process, leaving a narrow band of noise centered on the t
sition frequency which would be heard as a warbling ton

In the case of the BEP, broadband E-C gives rise t
low-pass or high-pass noise which would not directly
heard as a tone. When Klein and Hartmann~1981! discov-
ered the BEP, they suggested that listeners do indeed he
high-pass or low-pass noise, but that a process of cen
lateral inhibition enhances the edge of the noise, giving r
to the perceived tone~Fig. 3!. Another process of latera
inhibition may be responsible for a different pitch sensatio
called the ‘‘edge pitch’’, which arises monaurally when
high-pass or low-pass noise is presented~Small and Daniloff,
1967; Fastl, 1971; Fastl and Stoll, 1979; Klein and Ha
mann, 1981!. Consequently, Klein and Hartmann terme
their phenomenon the ‘‘binaural edge pitch’’ or BEP.

Klein and Hartmann collected pitch-matching data
support their analogy between the BEP and the mona
edge pitch. Listeners were required to match monaural
binaural edge pitches to pure tones. The resulting matc
were offset from the frequency of the cutoff or phase tran
tion by a frequency difference of 3%–8%. Figure 3 sho
schematically how lateral inhibition would give rise to su
an offset. In the case of the monaural edge-pitch, Klein a
Hartmann found that pitch matches were consistently of
into the noise, whereas for BEP stimuli, matches were of
to both higher and lower frequencies, giving rise to a bim
dal distribution of matches. It was possible to account for
bimodal distribution by invoking a feature of the E-C mod
which states that cancellation can occur either by adding
by subtracting the waveforms at the two ears. If addition
performed, a BEP stimulus which is in-phase below the tr
sition frequency would give rise to a low-pass residue, wh
if subtraction is performed, the same stimulus would produ
a high-pass residue. So, depending on which cancella
operation is applied, the binaural edge pitch can be offse
either direction, compatible with the observed bimodal d
tribution. Thus, Klein and Hartmann concluded that a p
cess of broadband E-C could explain the HP, and that bro
band E-C augmented by lateral inhibition on the resid
could explain the BEP. We refer to the latter account as
‘‘augmented equalization-cancellation model’’~aE-C!.

Other results have not supported these conclusions
sistently. Frijnset al. ~1986! repeated Klein and Hartmann’
pitch-matching experiments for the BEP and found that

d
d

ith

n
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ies

FIG. 3. Schematic illustration of the effect of lateral inhibition on the inte
nal representation of a high-pass noise. The stimulus spectrum~after broad-
band interaural cancellation for a BEP! is represented by the solid line. Th
perceived spectrum, following lateral inhibition, is represented by
dashed line.
3512Culling et al.: Dichotic pitches. I
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teners matched the dichotic pitch close to the transition
quency. The distribution of matches had a standard devia
of 1.5% with no evidence of a bimodal distribution o
matches, thereby undermining one of the predictions of
aE-C model. Hartmann~1984a! sought to measure the later
inhibition directly using the pulsation threshold meth
~Houtgast, 1972!, but found no evidence for it. These tw
results imply that lateral inhibition does not underlie t
BEP. However, Hartmann~1984b! has described a furthe
dichotic pitch whose existence is difficult to explain witho
invoking central lateral inhibition. The binaural coheren
edge pitch~BICEP! occurs when noise below a specifie
transition frequency is uncorrelated~i.e., statistically inde-
pendent! at the two ears, while above that frequency it
correlated. A pitch is heard which corresponds to the tra
tion frequency. The aE-C model can easily account for
BICEP. Interaural cancellation by subtraction leaves a lo
pass residue. Lateral inhibition at the high-frequency edg
the residue generates the pitch. In summary, therefore,
balance of current evidence favors the existence of cen
lateral inhibition, but is equivocal about its role in the BE

This uncertainty motivates the exploration of alternat
bases for the BEP. The aE-C model invokes central lat
inhibition to explain the BEP because it incorporates bro
band E-C which does not itself generate a dichotic pitch
the next section we consider a modified form of the E
which can account for the BEP directly, without requirin
central lateral inhibition as an additional process.

C. The modified equalization-cancellation „mE-C…

model

A third account of the HP and BEP is provided by
modified version of the E-C model~mE-C! which was de-
signed to account for the binaural masking release of bro
band sounds, such as speech~Culling and Summerfield,
1995!. Since no tone is physically present in the stimuli, t
perception of the HP and BEP is, according to the mE
model, an illusion of binaural unmasking. In this model, a
ditory frequency analysis is simulated by analyzing t
waveforms presented to each ear with a gamma-tone fi
bank ~Pattersonet al., 1987, 1988!. Mechanical to neura
transduction in each of the resulting frequency channel
simulated with a model of hair cell transduction~Meddis,
1986, 1988!. The time-varying excitation in correspondin
frequency channels~f L and f R! from each ear is equalized i
two steps. First, the rms levels are equated. Second, th
ternal delay is sought at which the residue,R, after subtrac-
tion ~i.e., cancellation! of the excitation from each ear i
minimized. Thus, the residue within a channel is a funct
of internal delay,t, which is evaluated for25 ms,t,5 ms.
The residue is weighted according to an exponentially tap
ing temporal window with a time constant,T, of 50 ms@Eq.
~1!#:

R~t!5E
0

3T

„f L~ t !2 f R~ t1t!…e2t/T dt. ~1!

The process is repeated in each frequency channel i
pendently~i.e., permitting different adjustments of rms lev
3513 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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and t!. The minimum residue in each channel is taken a
measure of the strength of the signal in that channel. Eff
tively, the model detects the degree of interaural decorr
tion present in each channel, since excitation which co
lates at internal delays within the range65 ms cancels,
while uncorrelated noise does not. Signals which have a
ferent interaural phase from the masking noise are dete
because they disrupt the interaural correlation of the noise
this respect the model is similar to Colburn’s model of b
aural unmasking~Colburn, 1973, 1977!. A key feature of the
mE-C model is that it performs equalization and cancellat
in each frequency channelindependently.5

Figure 4 contains residual-activation spectra genera
by the mE-C model for the same HP and BEP stimuli
were analysed by the CAP model in Fig. 2. In each panel,
stimulus contains an interaural phase transition at 600
For the HP, the prediction is straightforward and similar
that described in Sec. I B. The noise is in-phase both ab
and below the transition frequency and consequently can
almost completely at zero internal delay. Close to the tran
tion, however, noise with different interaural phases ent
the same frequency channel and consequently cannot be
celled completely at any internal delay, resulting in the pe
in the residual-activation spectrum recovered by the mo
For the BEP, the prediction is less obvious. On one side

FIG. 4. The spectra recovered by the mE-C model of Culling and Summ
field ~1995! for the HP and BEP for transition bandwidths,w, of 0.5%, 1%,
8%, and 64%. The vertical arrows indicate the frequency of the perce
pitch of 600 Hz. The dotted horizontal line defines an arbitrary thresh
which could predict whether or not the peaks were audible.~Note that the
effective bandwidth is 0% whenw is set to 0.5% for the HP stimulus.!
3513Culling et al.: Dichotic pitches. I
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the transition~below 600 Hz in Fig. 4!, the noise is in-phase
but on the other side it is 180 degrees out-of-phase.
in-phase noise is completely cancelled, leaving no resid
activation below the transition frequency. The noise which
180 degrees out-of-phase is partly cancelled because
channel admits only a narrow band of frequencies; a ph
difference of 180 degrees at each of these frequencie
approximately equivalent to an internal delay of half the p
riod of the center frequency of the channel. Channels clos
the transition frequency itself, however, admit energy with
range of widely differing interaural delays which cannot
canceled, leaving a peak in the residual-activation spectr
Whenw<8%, the peak is about 10 dB higher than the
sidual activation in the higher frequency channels which
ceive out-of-phase noise. According to the mE-C model, i
this peak which gives rise to the perception of the BEP.

In order to show how the model might predict the dete
tion of the HP and BEP for different transition bandwidths
dotted horizontal line has been drawn~arbitrarily! at 40 dB.
If this level of residual activation were required for listene
to detect spectral features in residual-activation spectra r
tive to internal noise~whose effects are not simulated in th
mE-C model!, then the model would predict that listene
should hear the HP for a transition bandwidth of 8%, but
for 0.5%, 1%, or 64%, and that they should hear the BEP
0.5%, 1%, and 8%, but not for a 64% transition bandwidt6

Thus, the mE-C model diverges from the CAP model
predicting that BEP should be heard strongly in stimuli co
taining very narrow transition bandwidths.

D. Empirical questions

The following experiments investigated the percept
properties of the BEP and HP. The results are used to c
pare the predictions of the CAP, aE-C, and mE-C mod
Experiment 1 shows that BEPs produced by narrow inter
ral phase transitions~<0.5% of the transition frequency! are
as perceptually prominent as BEPs produced by wider t
sitions. Experiment 2 confirms that the pitch evoked by B
stimuli containing narrow transitions is matched to that o
pure tone at the transition frequency. Experiment 3 sho
that two BEPs generated by narrow phase transitions at
formant frequencies of a vowel can be used in combina
to evoke the perception of that vowel. These results are
ficult for the aE-C model and the CAP model to explain, b
receive a straightforward explanation from the mE-C mod

II. EXPERIMENT 1

Cramer and Huggins~1958! measured the ability of lis-
teners to detect the HP as a function of the bandwidth of
interaural phase transition. Because of technical limitatio
the narrowest bandwidth which they could explore was
of the transition frequency. They found that listeners co
detect the HP reliably for transitions of 3% and 6%, but th
the pitch was harder to detect when broader transitions w
employed. Van Tilburg~1974! reported that the ease of de
tection of the HP also declines for transitions narrower th
3514 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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3%. The present experiment extends these investigation
including both the HP and the BEP, each generated wit
wide range of transition bandwidths.

A. Stimuli

The stimuli were triplets of 409.6-ms noises containi
interaural phase transitions at three different frequenc
They were generated digitally with 16-bit amplitude quan
zation and a 10-kHz sampling rate and filtered in the f
quency domain. To make each stimulus, three white no
of 409.6-ms duration were synthesized using the method
ommended by Klatt~1980! in which 16 consecutive number
from a pseudorandom number generator are summed to
each output sample. These noises were low-pass filtered
kHz. A copy of each noise was further filtered in order
produce a linear phase transition between specified freq
cies. The copy was combined with the original to form
stereo file containing an interaural phase transition. The th
noises making each triplet contained transitions centered
500, 600, and 700 Hz. In the case of the BEP, only stim
which were in-phase below the transition frequency w
generated. Each resulting sound file was shaped with 10
raised-cosine onset and offset ramps. Finally, the ste
sound files were concatenated to form an ascending sequ
of dichotic pitches. This method was repeated to create
stimuli based on different samples of noise in each of
following conditions. Each of the two dichotic pitches~HP
and BEP! was created with eight transition bandwidth
which were 0.5%, 1%, 2%, 4%, 8%, 16%, 32%, and 64%
the transition frequency, giving 16 conditions and 1
stimuli in all. The smallest transition bandwidth, nominal
0.5%, was a single bin in the Fourier transform~2.4 Hz! for
all transition frequencies. In the case of the HP, a transit
from 0 to 360 degrees in a single bin is equivalent to
transition at all, so the ‘‘0.5%’’ members of the HP stimulu
set were simply diotic noises. Results from these stimuli
therefore plotted at 0% in Fig. 5 but shall be refered to in
text as ‘‘0.5%’’ to preserve the symmetry of the experime
tal design. In addition to these stimuli, ten further dio
noises were created to form a control condition.

The digital stimuli were converted to analog using
Loughborough Sound Images delta-sigma digital-to-ana
converter and presented to listeners via Sennheiser HD
headphones in a double-walled sound attenuating chamb
66 dB~A!. Stimulus levels were measured with a B&K art
ficial ear type 4153, with a flat-plate adapter type DB0843
half-inch microphone type 4134, and a sound-level me
type 2235 on its ‘‘fast’’ setting.

B. Procedure

Four listeners, including the first author, who had no
mal hearing at audiometric frequencies from 0.25–8 kHz
clusive and who had participated in previous psychoacou
experiments, attended one 40-min session. The session
broken into four 10-min runs in which the 160 experimen
stimuli were each presented once and the ten control stim
were each presented eight times. The random stimulus or
ing was changed for each run. Listeners were required
3514Culling et al.: Dichotic pitches. I



di
o

he
iti
wa
nd
y

. I
-
a

th
t
g
s

on

i-

o
s
ces
tion

-
ion
ong
HP
2%
r.
-

ect
ry
-
e
hat
ase
an-
lla-
ral
a
ncy
ak

tion
e
ed
s-
ce a
nd
eak
h
ins

ri-
ers.
ent.

re-
hes
n
ion
he

or
n-

ge

g-
n-
nd-
re

ere

fo
h
k
h

ne
o

o
ab
report whether or not they heard a sequence of ascen
tones in the noise via a single key-press on the keyboard
VDU. No feedback was given.

C. Results

Figure 5~a! shows the percentage of trials on which t
tone sequence was detected as a function of the trans
bandwidth, with data averaged over listeners. The HP
detected on nearly 100% of trials when the transition ba
width ranged from 4% to 32% of the transition frequenc
The corresponding range for the BEP was 0.5% to 8%
accordance with van Tilberg’s~1974! observations, the pro
portion of trials on which the HP was detected declined
the transition bandwidth of the HP was reduced. For
widest transition bandwidths, detection declined for bo
pitches in the way originally observed by Cramer and Hu
gins ~1958! for the HP, although the BEP was detected le
frequently than the HP forw532%.

The control stimuli ~diotic noises! yielded an overall
false-alarm rate of 3%. Compared to this rate, all other c
ditions ~save the HP withw50.5%, which was also diotic
noise! showed significantly higher detection rates@binomial
probability, 160 trials andp(hit)50.03, p,1026 for all
conditions with data pooled across listeners#.

A two-way analysis of variance covering type of d
chotic pitch ~BEP versus HP! and transition bandwidth
~0.5%, 1%, 2%, 4%, 8%, 16%, 32%, and 64%! showed

FIG. 5. Upper panel: The percentage of BEPs and HPs detected by
listeners in experiment 1 as a function of the transition bandwidth, whic
expressed as a percentage of the transition frequency. Error bars mar61
standard error of the mean. Note that the effective bandwidth was 0% w
w was set to 0.5% for the HP stimuli, and so is plotted at 0%. Lower pa
Values of the discrimination index,d8, for three listeners who attempted t
discriminate the tonal prominence of BEPs with transition bandwidths
0.5% from BEPs with the larger transition bandwidths plotted on the
scissa.
3515 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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significant main effects of pitch type@F(3,1)576.49,
p,0.005# and transition bandwidth @F(3,7)570.93,
p,0.0001# and a significant interaction between the tw
@F(7,21)5125.66,p,0.0001#. Tukey pairwise comparison
indicated that the interaction was produced by differen
between detection rates for the BEP and HP at transi
bandwidths of 0.5%, 1%, and 32%~q535.94, 13.66, and
8.87, respectively,p,0.01!. Comparisons among the differ
ent transition-bandwidth subconditions of the BEP condit
showed that there were no significant differences am
bandwidths of 0.5%, 1%, 2%, 4%, 8%, and 16%. For the
condition, those among the 2%, 4%, 8%, 16%, and 3
subconditions did not differ significantly from one anothe
All other comparisons~bar 0.5% versus 64% in the HP con
dition! differed significantly (p,0.05).

D. Discussion

Experiment 1 shows that listeners can reliably det
BEP’s which are produced by interaural transitions with ve
narrow bandwidths~0.5%, 1%, and 2% of the transition fre
quency!. This result is consistent with the predictions of th
aE-C and mE-C models. The aE-C model requires only t
there should be a transition in interaural phase from in-ph
to out-of-phase for a dichotic pitch to be heard. Such a tr
sition will form an edge after broadband interaural cance
tion; the perceived pitch is predicted by assuming late
inhibition ~Fig. 3!. The mE-C model requires only that
frequency channel centered on the transition freque
should contain widely differing interaural phases for a pe
to appear at the transition frequency in the residual activa
spectrum~Fig. 4!. The result is problematic, however, for th
account of the BEP offered by the CAP model. As illustrat
in Fig. 1~d! and in Fig. 2, the CAP model requires a progre
sive change in interaural phase across frequency to produ
sharp peak within the transition band. As the transition ba
narrows, so must the sharp peak. In the limit, the sharp p
disappears~Fig. 2!, yet experiment 1 shows that, althoug
the HP declines in this way, the salience of the BEP rema
high even at the smallest transition bandwidths.

In order to underline this point, a supplementary expe
ment was conducted on a separate group of three listen
These listeners were naive to the purposes of the experim
In a two-interval forced-choice procedure, they were
quired to discriminate the loudness/salience of the pitc
evoked by pairs of BEP stimuli with different transitio
bandwidths. On each trial, one stimulus had a transit
bandwidth of 0.5%, while the other stimulus had one of t
wider transition bandwidths~1%–64%!. Listeners indicated
which interval contained the stimulus with the clearer
louder pitch. The resulting values of the discriminability i
dex, d8, are plotted in Fig. 5~b!. None of the listeners were
able to discriminate stimuli with bandwidths in the ran
1%–8% from stimuli with a bandwidth of 0.5% (20.2,d8
,0.2). Thus, BEP stimuli with transition bandwidths ran
ing from 0.5% to 8% cannot be distinguished from one a
other on the basis of the strength of the pitch percept. Ba
widths of 16%, 32%, and 64% gave progressively mo
positive values ofd8 which, according to the marking
scheme employed, indicates that the resulting BEPs w
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less salient than those produced by smaller transition ba
widths. Negatived8 values, indicating that the 0.5% ban
width was less salient than the comparison stimulus, w
not observed consistently in any condition, showing t
there is no perceptible loss of salience for the BEP as t
sition bandwidth is reduced.

A legitimate criticism of the main part of experiment
is that it provides no guarantee that listeners actually he
BEPs, only that they could distinguish stimuli containing
180-degree interaural phase transition from a diotic no
Listeners might have made the distinction by noting that
lateralization of BEP stimuli is relatively diffuse, because t
noise is out-of-phase above the transition frequency, whe
the lateralization of diotic noise is compact. There are, no
theless, two reasons for believing that listeners’ detec
responses were based on hearing dichotic pitches:~1! with-
out feedback, listeners other than the first author had
guidance in their use of alternative cues;~2! for the broader
transition bandwidths, which produced equally diffuse loc
ization but a less salient dichotic pitch, detection ra
dropped substantially. Nonetheless, it is important to dem
strate that listeners do hear tones of an appropriate frequ
when they listen to BEP stimuli synthesized with very n
row transition bandwidths. This was the primary aim of e
periment 2.

III. EXPERIMENT 2

In experiment 2, listeners compared the pitches evo
by a range of BEP and HP stimuli with different transitio
frequencies against that of a single pure tone. If the pitch
a BEP or HP stimulus with transition frequencyf is equiva-
lent to that of a pure tone of frequencyf , then listeners
should judge stimuli with higher transition frequencies
have a higher pitch than the tone, and those with lower tr
sition frequencies to have a lower pitch. If listeners respo
in this way to BEP stimuli with very narrow interaural tran
sition bandwidths, and without feedback, it indicates th
contrary to the predictions of the CAP model, a grad
phase transition is not necessary to evoke a pitch which
responds closely to the transition frequency. Rather, it s
gests that listeners detect a narrow band of binaural ex
tion at the transition frequency, as predicted by the mE
model. Thus the primary focus of experiment 2 was on
perception of BEP stimuli. The HP stimuli were included f
purposes of comparison.

A. Stimuli

The stimuli were generated, presented, and calibrate
a similar manner to those of experiment 1. The HP stim
had a fixed transition bandwidth of 6% of the transition fr
quency. The BEP stimuli had transition bandwidths
'0.4% ~a single bin!. In separate conditions, the BE
stimuli were prepared with in-phase noise either abo
~BEPa! or below ~BEPb! the transition frequency. Figure
shows recovered spectra only for BEPb stimuli. The po
tions of spectral peaks produced by the mE-C model
determined by the CFs of interaural phase transitions, s
the CFs determine the maximally decorrelated parts of
3516 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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spectrum. Hence, recovered spectra for BEPa stimuli
similar to those plotted in Fig. 4, but contain residual activ
tion below the peak, rather than above it.~Spectra for both
orientations of the transition are illustrated in Fig. 7 for t
stimuli of Experiment 3.! The transition frequencies of th
different stimuli were distributed around 600 Hz, the fr
quency which Bilsen~1977! and Raatgever and Bilse
~1986! reported to produce the most potent dichotic pitch
The transition frequencies were mistuned from 600 Hz
264, 248, 232, 216, 28, 24, 22, 21, 0, 1, 2, 4, 8, 16,
32, 48, and 64 Hz. Thus, there we
17 mistunings33 dichotic pitches551 stimuli in all. Each
stimulus consisted of three 409.6-ms dichotic pitches w
the same transition frequency~but synthesized from separa
samples of noise! alternating with three 409.6-ms, 600-H
pure tones, beginning with the dichotic pitch. The level
the noise was 66 dB and that of the tone was 29 dB. Th
values were chosen so that the pure tone and dichotic p
had approximately equal loudness when the transition ba
width of the HP was 3%.

B. Procedure

The four listeners who participated in experiment 1
tended ten 30-min sessions. In each session, they listene
each stimulus ten times in a random sequence and class
the dichotic pitch as either higher or lower than the pitch
the pure tone via the keyboard of a VDU.

C. Results

The results for each listener are shown separately in
6. The fitted curves were derived using a logistic regress
based on Eq.~2!, wherey is the percentage of ‘‘lower pitch’’
judgments,x is the mistuning in Hz, andb and k are free
parameters, which jointly control the location and steepn
of the slope of the curve. Three of the four subjects show
more accurate discrimination of the pitch of the HP stim
than of the pitch of the BEP stimuli, as reflected in t
steeper slopes in the fitted functions. Estimates of the
chotic pitch transition frequencies whose pitches corresp
to that of the 600 Hz tone can be determined by evalua
the offset between 600 Hz and the fitted curves as they c
the 50% point on they axis @Eq. ~3!#:

y5
100

11kebx , ~2!

offset5
2 loge k

b
. ~3!

Table I lists the transition frequencies~with 95% confi-
dence intervals! at the 50% point of the fitted curves for eac
of the three binaural conditions. For the three listeners wh
fitted functions showed steeper slopes for the HP than
BEP, the confidence intervals of the offset are also sma
For the HP, the offset in the fitted curve is within 2% of 60
Hz for each of the four listeners, and the mean offset
0.11% of 600 Hz. For the BEP, the offsets are within 3%
600 Hz for each listener and the mean offset is within 1
for each condition.
3516Culling et al.: Dichotic pitches. I
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D. Discussion

Frijns et al. ~1986! drew a distinction between the ton
percept which BEP stimuli produce and a low- or high-pa
noise percept, which may also be heard. According to
CAP model, if the interaural transition is very narrow, t
tonal percept should disappear, leaving only the high-
low-pass percept. The primary objective of experiment 2 w
to show that the narrow transitions in the BEP condition
experiment 1 give rise to the perception of a pitch which
tonal in nature and is equivalent to the transition frequen
rather than giving rise only to the perception of a low-
high-pass noise. The important outcome of experimen

FIG. 6. The percentage of stimuli from each condition in experiment 2~HP,
triangles; BEPa, squares; BEPb, circles! which were judged lower in pitch
than a 600 Hz comparison tone, as a function of the mistuning of the t
sition frequency from 600 Hz, for each subject. Logistic curves, fitted us
two free parameters@see Eq.~1!#, are also shown for each condition~HP,
solid; BEPa, dotted; BEPb, dashed!.
3517 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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therefore, is that listeners perceived a tonal pitch in the B
stimuli which they matched closely to the reference f
quency. Moreover, there was only a negligible offset b
tween the fitted logistic curve at its 50% point and 600 H
The tolerance of the offset was similar in size to the 1.5
tolerance of matches observed by Frijnset al. for BEP
stimuli with wider transition bandwidths. Thus, contrary
the predictions of the CAP model, very narrow transiti
bandwidths do not prevent the perception of a tonal pitch
BEP stimuli.

Three of the four listeners discriminated HP stimu
more accurately than BEP stimuli. In fact, one of these th
subjects~SS! showed no discrimination of the BEP durin
his first seven runs, while performing well with the HP. Da
collection was restarted from scratch once he began to
form above chance with BEP stimuli. More accurate d
crimination with the HP may reflect the lesser prominence
the peak in interaural decorrelation which is recovered fr
a BEP compared to that from a HP~e.g., Fig. 4,w58%!.

IV. EXPERIMENT 3

A. Rationale

Experiment 3 provides a further test of the prediction
the mE-C model that BEP’s defined by narrow interau
phase transitions give rise to dichotic pitches. The exp
ment exploited characteristics of a stimulus developed
Culling and Summerfield~1995!. They combined two first-
and two second-formant frequencies to produce sounds
to the vowels in British-English pronunciations of the wor
‘‘hard’’ ~AR!, ‘‘heed’’ ~EE!, ‘‘haired’’ ~ER!, and ‘‘who’d’’
~OO! ~Table II!. Dichotic stimuli were synthesized contain
ing two BEPs with narrow (,1.2%) interaural phase trans
tions at pairs of these formant frequencies in order to ev
the perception of vowels in noise. Two sets of dicho
~BEP! stimuli were generated. In one set, the noise was

n-
g

TABLE II. Vowel percepts formed by different combinations of forma
frequencies.

F1

F2

975 Hz 1925 Hz

225 Hz OO EE
625 Hz AR ER
pitch,
TABLE I. Results of experiment 2. Transition frequencies~in Hz! which were matched by each listener to the 600-Hz comparison tone for each dichotic
with 95% confidence intervals~conf. intvl.! and the % age mistuning which these matches represent.

Listener

HP BEPa BEPb

Frequency
~Hz!

95%
conf. intvl.

% age
offset

Frequency
~Hz!

95%
conf. intvl.

% age
offset

Frequency
~Hz!

95%
conf. intvl.

% age
offset

LP 600.8 598.8–603.1 10.13% 591.2 586.4–595.0 21.46% 605.9 601.2–611.4 10.98%
JC 600.5 597.9–603.3 10.08% 596.8 583.0–609.3 20.53% 616.5 610.6–623.8 12.75%
DF 589.0 581.1–595.3 21.82% 602.3 596.4–608.5 10.38% 597.3 591.6–602.7 20.44%
SS 607.0 604.3–610.0 11.12% 586.0 577.6–592.9 22.32% 589.5 581.3–596.4 21.75%

x̄ 599.3 20.11% 594.1 20.98% 602.3 10.38%
3517Culling et al.: Dichotic pitches. I
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phase between the two transition frequencies~BEP1!. In the
other set, the noise was 180 degrees out-of-phase betw
the transition frequencies~BEP2!.

The formants were centered on 225, 625, 975, and 1
Hz. Table II shows that no formant on its own unique
specifies a particular vowel; only in combination do the fo
mants define the different vowels. A limitation in this desi
is that dichotic pitches are not audible for the majority
listeners above 1500 Hz~Cramer and Huggins, 1958; Yos
1991!. Thus, a formant defined by a BEP at 1925 Hz sho
not be detectable. However, listeners can obviate this p
lem. They can identify OO and AR from two audible fo
mants below 1000 Hz~225 and 975 Hz for OO; 625 and 97
Hz for AR!. They can identify EE and ER by detecting th
lower formant of those vowels~225 Hz for EE and 625 Hz
for ER! and determining that a second formant at 975 Hz
absent. Nonetheless, because of this complication, the
dictions which follow are made more strongly for OO a
AR than for EE and ER.

The CAP model predicts that stimuli containing BE
with very narrow transition bandwidths are not heard as c
taining a tonal dichotic pitch. Instead, they are heard as
ther high- or low-pass noise. Thus, if two transitions a
combined in a single stimulus, band-pass or band-stop n
percepts should result. For this reason, the experiment
included two sets of diotic control stimuli which were ban
pass and band-stop noises with the cutoffs placed at the
mant frequencies. The CAP model makes two predictions
the pattern of identification responses that should be give
these diotic ~control! stimuli and to the dichotic~BEP!
stimuli. First, the BEP1 and the diotic band-pass stim
should receive the same pattern of responses; likewise
BEP2 and diotic band-stop stimuli. Second, neither se
responses should correspond systematically to the inten
vowels.

To the extent that the aE-C model draws a strong a
ogy between the detection of edge pitches by the mona
and binaural systems, it predicts that listeners will hear
intended vowels both in the dichotic~BEP! conditions and
the diotic ~control! conditions. In the dichotic~BEP! condi-
tions, formants will be defined by binaural edge pitches cl
in frequency to the interaural phase transitions. In the dio
~control! conditions, formants will be defined by edg
pitches at roughly the same frequencies. Thus, the a
model predicts that responses in all four conditions sho
correspond to the intended vowels.

The mE-C model predicts that the dichotic stimuli w
elicit percepts of the intended vowels. Excitation will b
largely canceled in channels with center frequencies a
from the interaural phase transitions, but not in chann
close to the frequencies of the transitions themselves, lea
two peaks in the residual activation spectrum which can
interpreted as formants. The model itself does not pre
how the diotic~control! stimuli will be identified. However,
in our experience the first-order percept of a low-, band-
high-pass diotic noise is determined by the spectrum of
noise, rather than its edge pitch~es!. Therefore, we expect th
pattern of identification responses to the diotic~control!
stimuli to differ from that to the dichotic~BEP! stimuli, and
3518 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
en

5

-

f

d
b-

s
re-

-
i-

se
so

r-
r

to

li
he
f
ed

l-
ral
e

e
ic

-C
ld

y
ls
ng
e
ct

r
e

to be based on listeners interpreting the spectral profile
the noise bands as if they were the spectral envelope
vowels. In the case of some stimuli, this strategy sho
yield percepts that differ systematically from the intend
vowels. Thus, the mE-C model predicts that listeners w
identify the stimuli as the intended vowels in the dicho
conditions, and will give different, and generally less acc
rate, patterns of responses in the diotic conditions. Moreo
these latter patterns should differ between the band-pass
band-stop conditions.

In summary, the CAP model predicts that the dicho
~BEP! stimuli will elicit the same pattern of identification
responses as the diotic~control! stimuli ~at least for AR and
OO!, but that neither set of responses will correspond to
intended vowels. The aE-C model also predicts that both
dichotic ~BEP! and the diotic~control! stimuli will elicit the
same pattern of identification responses, but that the resp
patterns will correspond to the intended vowels. Finally,
mE-C model predicts that the dichotic~BEP! stimuli will
elicit percepts of the intended vowels, while the diotic~con-
trol! stimuli will elicit different patterns of identification re
sponses in which the band-stop and band-pass noises
themselves interpreted as defining the spectral envelope
vowels. These predictions are summarized in Table III.

B. Stimuli

The stimuli were generated, presented, and calibrate
a similar manner to experiments 1 and 2. White noise w
synthesized and was filtered in the time domain by a 5
point linear FIR filter in order to produce a 3-dB/oct spect
roll-off. The resulting pink noise was filtered in the fre
quency domain in order to produce both BEP and dio
control stimuli using the formant frequencies listed in Tab
II. The dichotic stimuli were, in separate conditions, in-pha
between the two transition frequencies~BEP1! or out-of-
phase between the two transition frequencies~BEP2!. The
corresponding diotic control stimuli were band-pass a
band-stop noises using the same transition frequencie
cut-off frequencies. Each corresponding pair of stimuli~e.g.,
BEP1 and band-pass! was generated using the same no
sample. The 180-degree interaural phase transitions and
diotic low-pass and high-pass cutoffs were one analysis
wide ~2.4 Hz!, giving transition bandwidths of 0.13%–1.1%
of the transition frequency, depending on the center f

TABLE III. Predictions of three models for the accuracy of vowe
identification responses in experiment 3. The entries ‘‘Incorrect~pattern
A!’’ and ‘‘Incorrect ~pattern B!’’ imply that different patterns of misidenti-
fications would occur.

Condition

Diotic Dichotic

Model Band-pass Band-stop BEP1 BEP2

aE-C Correct Correct Correct Correct
CAP Incorrect

~pattern A!
Incorrect
~pattern B!

Incorrect
~pattern A!

Incorrect
~pattern B!

mE-C Incorrect
~pattern A!

Incorrect
~pattern B!

Correct Correct
3518Culling et al.: Dichotic pitches. I
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were
quency of the transition. Eight stimuli based on differe
samples of noise were created for each of the four vowel
each of the four conditions, giving 128 experimental stimu
In addition, four practice stimuli~one for each vowel! were
created which incorporated HPs at the formant frequen
with 6% transition bandwidths. The stimuli were presented
64 dB.

C. Procedure

Five listeners, including the first two authors, all
whom had previously participated in vowel identification e
periments, attended a single 40-min session. Each ses
consisted of four runs. Each run began with 20 practice tr
in which the listeners identified the HP practice stimuli fi
times each, in a random order without feedback. The res
the run consisted of two blocks. In two runs, the first blo
contained the diotic control stimuli, while in the other tw
runs the first block contained the dichotic stimuli. The ord
ing of the blocks was counterbalanced across runs.
stimuli were presented in a random order, which changed
each run.

Pilot experiments showed that some of the cont
stimuli compellingly evoked percepts of the vowel in th
word ‘‘hoard’’ ~OR!, which lay outside the nominal stimulu
set. In order to accommodate this effect, listeners were
mitted five response categories, including OR, but were
vised that they should not necessarily expect to use al
them equally often. Listeners identified the vowel presen
on each trial with a single key-press on a VDU. No feedba
about the accuracy of responses was given.

D. Results

Table IV contains the confusion matrices for each of
four conditions pooled across the five listeners. These d
were analyzed in three ways: first, to assess overall accur
second, to compare the pattern of responses between the
conditions; and third, to compare the patterns of respon
with the predictions of a model of vowel identification.

In the dichotic conditions, with the data pooled ov
subjects, each of the four stimuli in each condition was id
tified as the intended vowel more often than chance~from
binomial probability,p!0.01, for each vowel!. The response
category corresponding to the intended vowel received
greatest proportion of the responses made to each of
eight stimuli. Individually, four of the five listeners identifie
the stimuli as the intended vowel significantly more oft
than chance according to binomial probability~p!0.01 for
512 trials and 5 choices!. The fifth listener’s responses wer
at chance~21% correctly identified!. In the diotic control
conditions, listeners identified some stimuli consistently
the intended vowel, but made consistently different
sponses to other stimuli. In the pooled data, the respo
category corresponding to the intended vowel received
highest proportion of responses made to a stimulus in o
five out of the eight possible cases.

The second analysis tested the prediction of the mE
model that the same pattern of responses would be mad
the BEP1 and BEP2 conditions, while two different patte
3519 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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of responses would be made in the band-pass and band
conditions. The patterns of results in the pooled data in e
pair of conditions were compared using a chi-squared (x2)
test. Thex2 value provides a metric for assessing the deg
to which the patterns of responses differ between pairs
conditions. Table V lists thex2 values for all pairwise com-
parisons among the four conditions. The patterns of
sponses made in the dichotic~BEP1 and BEP2! conditions
differ significantly from each other, but only at thep,0.05
level, while the patterns in every other pair of conditio
differ significantly at thep,0.001 level (x (19)

2 .43.82). The
values in parentheses are the corresponding values ofx (9)

2

computed from the submatrices containing responses to
and AR ~the vowels for which both formants would hav
been clearly audible!. They show the same pattern as t
overall analysis.

The third analysis tested the prediction that listen
would classify the stimuli in the dichotic conditions by lo
cating formants at the frequencies of the interaural ph
transitions, but would classify the stimuli in the diotic co

TABLE IV. Confusion matrices for the four conditions of experiment
pooled across five listeners. Figures in parentheses are the numbers
sponses predicted by the vowel classifier described in the Appendix.

Condition Response

Target

AR EE ER OO

Band-pass AR 188~217! 21 ~93! 160 ~130! 9 ~58!
EE 1 ~6! 24 ~18! 2 ~15! 0 ~11!
ER 10 ~43! 221 ~171! 154 ~142! 29 ~27!
OO 15 ~18! 48 ~21! 0 ~17! 177 ~57!
OR 106 ~37! 6 ~17! 4 ~16! 105 ~168!

Band-stop AR 3~35! 1 ~7! 1 ~24! 35 ~10!
EE 4 ~77! 310 ~210! 21 ~126! 39 ~149!
ER 262 ~112! 0 ~23! 9 ~110! 39 ~23!
OO 16 ~73! 9 ~68! 9 ~47! 199 ~116!
OR 35 ~23! 0 ~12! 280 ~13! 8 ~22!

BEP1 AR 178 ~219! 14 ~2! 36 ~73! 13 ~17!
EE 36 ~2! 185 ~285! 43 ~8! 45 ~8!
ER 66 ~40! 32 ~14! 194 ~167! 44 ~18!
OO 15 ~21! 80 ~4! 25 ~15! 201 ~200!
OR 25 ~36! 9 ~14! 22 ~57! 17 ~77!

BEP2 AR 171 ~219! 13 ~2! 33 ~73! 20 ~17!
EE 21 ~2! 216 ~285! 62 ~8! 69 ~8!
ER 84 ~40! 22 ~14! 182 ~167! 33 ~18!
OO 27 ~21! 63 ~4! 25 ~15! 187 ~200!
OR 17 ~36! 6 ~14! 18 ~57! 11 ~77!

TABLE V. A pairwise comparison of the patterns of data produced by
four conditions of experiment 3~Table IV!. The values given arex2 values
which are larger the greater the differences. Values in parentheses
computed from the submatrices for the AR and OO stimuli.

BEP1 BEP2 Band-stop

Band-pass 671.6 791.5 1686.3
~238.5! ~294.9! ~590.6!

Band-stop 905.4 828.7
~327.7! ~288.2!

BEP2 32.4
~21.1!
3519Culling et al.: Dichotic pitches. I
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plars
trol conditions by interpreting the spectral profiles of t
band-pass and band-stop noises as the spectral envelop
vowels. In order to evaluate both parts of this prediction
an equal footing, it was necessary to assume that liste
extracted formants not only from the dichotic stimuli but al
from the diotic control stimuli. The vowel classifier de
scribed in the Appendix includes rules for extracting fo
mants from both types of stimulus. In the dichotic~BEP!
stimuli, the classifier assumes that formants are detecte
the frequencies of both interaural phase transitions in
and AR, but only at the lower-frequency transition in EE a
ER. In the diotic~control! condition, the classifier assume
that formants are detected at locations within the bands
noise. The classifier includes rules for estimating the simi
ity of formant frequencies extracted from stimuli to stor
templates, and for converting the similarities to predic
numbers of identification responses. These predictions
listed in Table IV as the numbers in parentheses.

The accuracy of predictions was assessed by compu
product-moment correlation coefficients between the p
dicted and observed numbers of identification respon
Analyses were conducted on the pooled data from the
diotic control conditions and on the pooled data from the t
dichotic conditions, with 40 identification scores to be p
dicted in each case. The coefficient of correlation was 0
for the dichotic conditions; the vowel classifier correctly pr
dicted that the majority of identification responses made
each of the eight stimuli would correspond to the intend
vowel. The coefficient of correlation was 0.61 for the dio
conditions. One way of judging the overall accuracy of th
prediction is to note that 11 cells in the matrices for t
diotic conditions in Table IV received 100 or more r
sponses. The classifier correctly predicted that 8 of these
would receive more than 100 responses. A more critical
is to establish whether the accuracy of prediction decli
when the rules for locating formants in the diotic and
chotic conditions are reversed. If it is assumed that forma
are located at the band edges in the diotic conditions,
correlation between observed and predicted numbers o
sponses falls from 0.61 to 0.39. If it assumed that forma
are located within the noise bands in the dichotic conditio
the correlation falls from 0.89 to 0.47. Overall, therefo
although the classifier does not make completely accu
predictions particularly for the diotic conditions, its perfo
mance is consistent with the prediction of the mE-C mo
that listeners locate formants at the frequencies of the in
aural phase transitions in the dichotic conditions, but wit
the noise bands in the diotic conditions.

E. Discussion

1. Predictions of the CAP model

The CAP and mE-C models make divergent predictio
with respect to experiment 3. The CAP model predicts t
listeners should not be able to identify the intended vowel
the dichotic stimuli, primarily because the bandwidth of t
interaural transitions is too narrow to generate peaks at
formant frequencies in across-frequency scans.
3520 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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If dichotic pitches are not heard, the CAP account p
dicts that listeners should hear the dichotic stimuli as ba
pass and band-stop noises, in which case the dichotic sti
should have received the same pattern of identification
sponses as the diotic stimuli. In fact, the patterns diffe
significantly from one another~Table V!.

2. Predictions of the mE-C model

The results of experiment 3 are broadly consistent w
the predictions of the mE-C model. Listeners gave ident
cation responses to the dichotic stimuli that were consis
with detecting formants at the frequencies of the interau
phase transitions in OO and AR, and with detecting a lo
frequency formant in EE and ER, while noting the absen
of a high-frequency formant. Figure 7 shows the recove
spectra generated by the model in response to each o
stimuli. Clearly, the model performs ‘‘too well’’ at high fre
quencies: the recovered spectra contain two peaks at the
quencies of the interaural phase transitions of all ei
stimuli. Thus, these spectra are incompatible with dem
strations that listeners are unable to detect interaural ph
transitions at frequencies as high as 2000 Hz~Yost, 1991!.
Bernstein and Trahiotis~1996! have shown that the deterio
ration of binaural masking release with frequency can
modeled by incorporating the change from phase locking
the waveform to phase locking to the envelope with incre
ing frequency. The mE-C model uses the Meddis~1986,
1988! hair-cell model for this purpose. That model substa
tially overestimates the degree of phase locking at high

FIG. 7. Residual-activation spectra from the mE-C model for the BE
stimuli ~left column! and BEP2 stimuli~right column! used in experiment 3,
showing peaks at the two transition frequencies~marked with arrows! in
each stimulus. Descending each column, stimuli are identified as exem
of ‘‘AR,’’ ‘‘EE,’’ ‘‘ER,’’ and ‘‘OO.’’
3520Culling et al.: Dichotic pitches. I
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quencies. A peripheral model which is more accurate in
respect should yield recovered spectra that reflect the in
mation available to listeners more accurately.

V. GENERAL DISCUSSION

The Huggins pitch~HP! is produced by introducing an
interaural phase transition of 360 degrees over a nar
bandwidth to a diotic noise. A closely related phenomen
the binaural edge pitch~BEP!, is generated with an interaura
phase transition of 180 degrees. In each case, listeners h
tone with a pitch which matches the center frequency of
transition, suggesting that a binaural process produces
output spectrum with a single spectral peak at the transi
frequency. The experiments described in this paper dem
strate that most aspects of these phenomena do not requ
special explanatory framework beyond that provided by
general principles of binaural unmasking which are emb
ied in the mE-C model. The model applies equalization
level and internal delay in each frequency channel indep
dently and then cancels by interaural subtraction. This p
cess detects the degree of interaural decorrelation in e
frequency channel. It yields an output spectrum which
closely related to a plot of interaural decorrelation by f
quency. That spectrum contains a single peak at the tra
tion frequency of HP and BEP stimuli. An attraction of a
counting for the HP and BEP with the mE-C model is tha
satisfactory explanation can thus be achieved without inv
ing additional perceptual processes. This simplicity is
shared by the aE-C and CAP models.

The aE-C model incorporates a conventional mode
binaural unmasking~broad-band E-C!. However, in the case
of the BEP the output of this process is a high- or low-p
noise, so the aE-C model needs to invoke central latera
hibition as an additional process in order to produce a sp
trum with a single peak near the transition frequency. T
CAP model incorporates a conventional multi-channel cro
correlation process, typical of models of binaural sound
calization, but in order to find spectra with peaks at the tr
sition frequencies of HP and BEP stimuli the model requi
an additional across-frequency scanning process.

The following paragraphs review the strengths a
weakness of the three alternative models of dichotic-p
phenomena in the light of the results reported in this pap

A. The aE-C model

The aE-C model invokes two processes to account
the BEP:~1! broadband E-C and~2! central lateral inhibition
on the residue after cancellation. Broadband E-C is equ
lent to applying the same equalizing and cancelling ope
tions in each frequency channel. This process differs fr
processes performed by the mE-C model where different
lays can be applied in different channels. Strong evidenc
favor of using different delays is that the mE-C model p
vides the only complete account of the Fourcin pitch~Four-
cin, 1970; Cullinget al., 1998!. Supporting evidence come
from demonstrations that the model provides a straight
ward account of the HP and BEP, as shown in the pres
paper, and of a range of other cases of binaural mas
release involving broadband signals~Culling and Summer-
3521 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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field, 1995!. Thus the balance of evidence favors the conc
sion that binaural analysis involves independent E-C in d
ferent frequency channels, rather than broadband E-C.

Released from the constraints imposed by broadb
E-C, it is not necessary to invoke central lateral inhibition
account for the BEP. The involvement of central lateral
hibition was originally supported by evidence that the pit
frequency of the BEP is offset from transition frequency
3%–8%, as are monaural edge pitches from the cutoff
quencies of low- and high-pass noises. Subsequent ex
ments by Hartmann~1984a! and by Frijnset al. ~1986! failed
to corroborate the involvement of central lateral inhibitio
and failed to replicate the offset in pitch matches. Nonet
less, the existence of the binaural coherence edge p
~Hartmann, 1984b! provides independent evidence of the e
istence of central lateral inhibition. These results would
reconciled if the mE-C process generated the primary a
tory representation of the BEP, and central lateral inhibit
enhanced edges in that representation. In this case, the
est contribution to the BEP would derive from the prima
representation with a small additional contribution from la
eral inhibition which results from less effective cancellati
of the Np noise.

Further evidence against the aE-C model was provi
by experiment 3. This model predicts that listeners hear lo
or high-pass noise when presented with a BEP stimulus
experiment 3, two transitions at frequencies which cor
sponded to vowel formant frequencies were used to prod
stimuli which sounded like vowels in noise. According to th
aE-C model, binaural analysis converts these stimuli i
band-pass or band-stop noises, depending on whether
noise was in-phase or out-of-phase between the two tra
tion frequencies~and on whether the binaural system adds
subtracts the signals at the two ears!. Then, lateral inhibition
enhances the spectrum near the transition boundary ex
as for a monaural edge-pitch. Thus, the model predicts
listeners should give similar responses to these stimuli a
diotic band-pass and band-stop noises, and that liste
should hear the appropriate vowels in both cases. In f
listeners heard the appropriate vowels from the dicho
stimuli, but produced a systematically different pattern
responses for the band-pass and band-stop noises. The
model can only be reconciled with these results if the late
inhibition process which it uses is assumed to be much st
ger than the lateral inhibition process~es! which generate the
monaural edge pitch. In conclusion, we suggest that the a
model should be rejected as an account of the HP and B
but that the conditions giving rise to central lateral inhibitio
should be explored further.

B. The CAP model

The CAP model is based on four interrelated ideas. Fi
an array of interaural cross-correlation functions is compu
forming a two-dimensional central activity pattern in fr
quency and interaural delay. Second, attention can be
cused on individual across-frequency scans taken at par
lar interaural delays. Third, in certain respects, these acr
frequency scans, or ‘‘central spectra,’’ can be interpreted
monaural spectra; in particular, sharp peaks in scans, bu
3521Culling et al.: Dichotic pitches. I
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broader peaks, give rise to the perception of tones. Fou
the interaural delay of a scan determines the lateralizatio
the features detected within it.

Bilsen and his colleagues have argued that the C
model provides a basis for explaining three aspects of the
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 o
first two of these aspects, though not yet of the third.

1. Detection and pitch matching of the HP and BEP

A weakness of the CAP model is that it includes
explicit mechanism for choosing which across-frequen
scan receives a listener’s attention and determines the s
pattern that is heard. Instead, the model relies on some s
containing features of sufficient prominence that they co
mand attention. In this respect, the explanatory power of
model is materially reduced when it is implemented w
realistic frequency and temporal resolution in place of
idealized parameters used by Raatgever and Bilsen~1986!.
With this revision, features that appeared as prominent pe
in scans generated by the original version of the model m
be diffused to the point where they should no longer co
mand attention.

A critical test is provided by BEP stimuli created wit
very narrow interaural phase transitions. The original vers
of the model predicts that such dichotic pitches should
harder to detect than pitches created from broader transiti
The ‘‘smoothed’’ version of the model incorporating realis
frequency resolution predicts that dichotic pitches should
be heard in such stimuli. However, experiment 1 showed
the pitch sensation produced by such stimuli is as strong
that produced by stimuli with wider transitions. Experime
2 showed that this pitch closely matches that of a tone wh
frequency is equal to the transition frequency. Experimen
showed that stimuli containing two such transitions at f
quencies which correspond to vowel formant frequencies
be identified as vowels in noise. Thus, the results of exp
ments 1, 2, and 3 contradict the predictions of the C
model.

Further evidence against the predictions of the C
model was provided by Culling and Summerfield~1995!,
Hukin and Darwin~1995!, and Darwin and Hukin~1997!.
They demonstrated that listeners are very poor at group
energy in separate frequency regions which share the s
interaural delay. An across-frequency scanning mechan
of the kind used in the CAP model would have been able
perform such across-frequency grouping.

2. Measurements of the CAP

Raatgever~1980!, Raatgever and Bilsen~1986!, and Fr-
ijns et al. ~1986! used measures of binaural masking rele
to support the idea that listeners can attend to individ
across-frequency scans in the CAP. They measured
threshold for detection of a diotic tone in the presence o
dichotic pitch stimulus, which acted as a masker. It was
gued that listeners could restrict attention to a single spa
location ~the center! while performing the task. The CAP
was sampled at specific frequency/internal-delay coordin
3522 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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by using target tones of different frequencies and by app
ing interaural delays to the masker in order to place differ
parts of the CAP in the center of auditory space. For e
interaural delay, thresholds were measured at a range of
ferent frequencies. The BMLDs (re:NoSo) were plotted as a
function of frequency and were compared with acro
frequency scans generated by the CAP model. The resu
scans were qualitatively similar to thresholds predicted fr
the CAP@using Eq.~7! in Raatgever and Bilsen, 1986#.

Potentially, these results provide powerful evidence
teners can attend to individual across-frequency scans,
thus that they are in a position to detect the features in s
scans that support the perception of dichotic pitches. Ho
ever, the following analysis demonstrates that the pattern
masking release across frequency reported by Raatg
~1980!, Raatgever and Bilsen~1986!, and Frijnset al. ~1986!
can be predicted without invoking the assumption that
listener has attended to a particular spatial location. Ther
an established relationship between the BMLD and the ph
difference between the interaural phases of the target
(fs) and the masking noise (fn). Durlach and Colburn
~1978! pointed out that ‘‘to a rough approximation@the
BMLD # depends only on the phase difference (fn2fs)
rather than on the individual values offn and fs . ’’ This
relationship is illustrated in Fig. 8~filled symbols! with data
from Jeffresset al. ~1952!. The interaural delays used in tha
study have been converted to the corresponding phases i
figure. A satisfactory fit to the data can be produced us
Eq. ~4! and is illustrated by the dotted line in Fig. 8:

BMLD5BMLDmaxusin~f/2!u. ~4!

In this equation,f is the difference in interaural phas
between signal and noise (fn2fs) and BMLDmax is the
BMLD in dB which is obtained with NoSp versus NoSo. For
a dichotic pitch stimulus, the interaural phase of the mas
is frequency dependent. The threshold for detecting a ton

FIG. 8. The relationship between BMLDs and the relative interaural ph
of masker and tone. The filled symbols are empirical data from Jeff
et al. ~1952!, the dashed line was fitted using Eq.~4!, and the solid line was
fitted using Eq.~7!. Data from Jeffresset al. ~1952! were digitized from a
scanned image of their Fig. 1~f!.
3522Culling et al.: Dichotic pitches. I
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frequencyf is therefore dependent on the interaural phase
the masker at that frequency,f f . If, as in the experiments in
question, an interaural delayte has also been applied, Eq.~5!
is required:

fn52p f te1f f . ~5!

Since fs50, this is also the expression forfn2fs .
Substituting Eq.~5! into Eq. ~4!, we obtain

BMLD5BMLDmaxusin~@2p f te1f f #/2!u. ~6!

For comparison, it is necessary to substitute Eq.~7! from
Raatgever and Bilsen~1986! into their Eq.~6! to obtain

BMLD

510 log10F 10BMLDmax/10

~10BMLDmax/1021!@ 1
21 1

2 cos~2p f t i1f f !#11G ,

~7!
wheret i is the internal delay. However, since this intern
delay is interrogated using an interaural delay applied to
noise,t i5te .

Although Eqs.~6! and ~7! look different, each expres
sion relates the BMLD monotonically to the difference
interaural phase (0,p,f) between the tone and the mask
at the frequency of the tone. The equations differ in that
~6! defines a function whose slope decreases with incre
in the phase difference, while Eq.~7! defines a function of
increasing slope. In Fig. 8, the solid line was derived fro
Eq. ~7!. The accuracy of its fit to the data of Jeffresset al.
~1952! can be compared with the empirical fit of Eq.~4!
which is plotted as the dotted line.

Figure 9 compares the accuracy with which Eqs.~6! and
~7! predict the BMLD data obtained by Frijnset al. ~1986!
using a BEP stimulus as the masker. The transition
quency was 600 Hz with a transition bandwidth of 36 H
~6%!. The open circles plot the empirical BMLDs; the pr
dictions from Eq.~6! are shown as dotted lines, those fro
Eq. ~7! as continuous lines. The data in the top panel w
obtained with no interaural delay applied to the mask
those in the middle panel with a delay of 0.83 ms, and th
in the bottom panel with a delay of 1.25 ms. This figure m
be compared with Fig. 9 of Frijnset al. ~1986, p. 449!. The
predictions derived in the present paper, based empiric
on the relationship between BMLD andfn2fs , are as ac-
curate as those based on the CAP model.

The foregoing analysis shows that it is not necessar
assume that listeners attended to a particular spatial loca
during the BMLD experiments of Raatgever~1980!, Raat-
gever and Bilsen~1986!, and Frijnset al. ~1986!. Therefore,
the results of those experiments do not prove that listen
can attend to particular across-frequency scans in the C
Rather, they confirm that the size of the BMLD is large
determined by the relationship between the interaural ph
of signal and masker within the frequency channel occup
by the signal.

3. The lateralization of the HP and BEP

It is an important feature of the original version of th
CAP model that it can account for the lateralization of t
3523 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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HP and BEP, because the sharp peaks in across-frequ
scans that are judged to be responsible for these dich
pitches occur at the particular internal delays which cor
spond to the perceived lateralization~s! of the pitches. Raat-
gever and Bilsen~1986! demonstrated that the reported la
eralizations for HP stimuli correspond closely with th
predictions of the CAP model. They also demonstrated t
the lateralization can be shifted in a consistent fashion
applying additional interaural delays to stimuli. Frijnset al.
~1986! reported difficulty in collecting similar data for th
BEP. Using a rather complex procedure, they confirmed
two of three listeners frequently perceived lateralizatio
consistent with the peak at11.25-ms internal delay in Fig
2~a!. However, these listeners also frequently heard centr
located images. The third listener reported centrally loca
images almost exclusively.

The mE-C model is not intended to predict the later
ization of sounds and we have not found a satisfactory w
to extend it to predict the lateralization of the HP and BE7

Thus the original version of the CAP model provides t
only account of the lateralization of the HP. Its predictio
with respect to the lateralization of the BEP are also s
ported by the data, but to a more limited extent.

VI. CONCLUSIONS

The arguments presented in this paper reinforce the c
clusion that the aE-C model is inadequate to account for

FIG. 9. The empirical and predicted BMLDs from Frijnset al. ~1986! for a
BEP masker~600-Hz transition frequency! and a diotic tone. In panels~a!,
~b!, and ~c! interaural delays of 0, 0.83, and 1.25 ms have been applie
the masker. The open symbols are the empirical data from Fig. 9 of F
et al. The solid lines are predictions based on their model@Eq. ~7!#. The
dotted lines are predictions based on the phase difference between ton
masker@Eq. ~6!#. In each case, BMLDmax is a function of frequency which
was derived by fitting a fourth-order polynomial function to the NpSo data
of listener FB in Raatgever and Bilsen~1986, Fig. 9!. The empirical data
were digitized from scanned images of the published figures.
3523Culling et al.: Dichotic pitches. I
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characteristics of dichotic pitches because of the limited
planatory power of broadband E-C. However, we belie
that one component of that model, central lateral inhibiti
warrants further study. The relative merits of the CAP a
mE-C models can be summarized as follows. The mE
model has the weakness that it does not predict the late
ization of dichotic pitches. The CAP model, on the oth
hand, accurately predicts the lateralization of the HP and
lesser extent that of the BEP. In every other respect that
have investigated, the mE-C model provides a more satis
tory account. First, it automatically produces an output sp
trum which is qualitatively consistent with the spectral fe
tures perceived in dichotic pitches. In comparison, the C
model is under-specified in that it contains no expli
mechanism for choosing which of the available array of c
tral spectra determines what is perceived, nor for distingu
ing peaks in scans which are perceived from those which
not perceived. Second, the mE-C model is more parsim
ous in that it does not assume any perceptual processe
yond those which are strictly necessary to account for bin
ral masking release, while the CAP model incorporates
across-frequency scanning process which is not require
account for any independent findings. Indeed, Culling a
Summerfield~1995! and Hukin and Darwin~1995! sought
independent evidence of such a process but found no
dence for its existence. Third, the mE-C model was desig
with, and operates successfully using, realistic parameter
frequency and temporal resolution, while the CAP mode
not robust when implemented with realistic parameters~Figs.
1 and 2!. Fourth, the mE-C model correctly predicts th
range of transition bandwidths over which the HP and B
are audible, while the CAP model fails to predict that t
BEP is clearly audible with very narrow transition ban
widths ~experiments 1–3; Figs. 2 and 4!.

These arguments favor the explanation for the Hugg
pitch and the binaural edge pitch offered by the mE-C mod
However, before its account can be fully accepted, the
sons for the perceived lateralization of dichotic pitches w
need to be understood.
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APPENDIX: VOWEL CLASSIFIER

The pooled identification responses of listeners in
periment 3 were predicted by simple template-match
models of vowel classification derived from the PEAK pr
cedure described by Assmann and Summerfield~1989!. The
templates were the center frequencies of the first two
mants ~F1 and F2! of each of the five vowels that wer
available as response categories. These frequencies wer
erages of measures from the speech of four adult male ta
of British English, each of whom produced five tokens
each vowel in an /h/–vowel–/d/ context. These values w
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used directly in modeling listeners’ responses to the dio
band-pass and band-stop stimuli. They are listed in Table
as the ‘‘diotic’’ templates. When considering the dichot
~BEP! stimuli, it was necessary to accommodate the strat
which listeners were presumed to have adopted; that is
identifying OO and AR from both interaural transition
while identifying EE and ER from the lower transition only
while noting the absence of a higher transition~Sec. IV A!.
Here F1 and F2 had the same values in the ‘‘dichotic
templates for OO, AR, and OR as in the diotic templates
those three vowels. For EE and ER, however, the freque
of F1 was assigned toboth F1 and F2. These values are
listed in Table AI as the ‘‘dichotic’’ templates. Frequencie
for two formants were estimated in each stimulus in the
otic ~control! conditions and in the dichotic~BEP! conditions
in the following ways. In the diotic~control! conditions, it
was assumed that the perceived locations of the form
must be well within the noise bands. Various differe
schemes for placing the formants were explored, but the
sults of the modeling were found to be relatively insensit
to this variable. In theband-passcondition,F1 was taken as
the frequency one-quarter of the way through the noise b
above its low-frequency edge, whileF2 was taken as the
frequency three-quarters of the way through the noise ba
In the band-stop condition, F1 was taken as the mid
frequency of the lower-noise band. Where a band started
Hz, its lower edge was taken as 150 Hz for the purpose
this calculation in order to avoid estimates ofF1 outside the
range found in adult male speech.F2 was taken as the mid
frequency of the upper noise band. Where a band extende
the Nyquist frequency, its upper edge was taken as 2250
for the purpose of this calculation in order to avoid estima
of F2 outside the range found in adult male speech. In
BEP1 and BEP2 conditions, the frequencies ofF1 andF2
were taken as the center frequencies of the two 180-de
interaural phase transitions for OO and AR; for EE and E
the center frequency of the lower-frequency transition w
assigned to bothF1 and F2. The spectral distancedi be-
tween stimuluss and each of the templatesi was calculated
using Eq.~A1!:

TABLE AI. Frequencies in Hz of the templates corresponding to each
sponse category and of the formant frequencies estimated in the four cl
of stimuli used in experiment 3.

Vowels
AR EE ER OO OR

F1 F2 F1 F2 F1 F2 F1 F2 F1 F2

Diotic templates~Hz!
658 1001 269 2115 540 1640 281 1140 362 69

Dichotic templates~Hz!
658 1001 269 269 540 540 281 1140 362 69

Condition Formant estimates~Hz!

Band-pass 713 888 650 1500 950 1600 413 788̄ ¯

Band-stop 388 1613 188 2088 388 2088 188 1613̄ ¯

BEP1 625 975 225 1925 625 1925 225 975̄ ¯

BEP2 625 975 225 1925 625 1925 225 975̄ ¯
3524Culling et al.: Dichotic pitches. I
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5A„log10~ f 1s!2 log10~ f 1i !…
21„log10~ f 2s!2 log10~ f 2i !…

2

2
,

~A1!

where f 1s and f 2s , are the frequencies in Hz of the first an
second formants estimated in the stimulus, andf 1i and f 2i

are the frequencies in Hz of the first and second formants
templatei . The number of responses,ni , out of a total of
320 given to response categoryi was calculated using Eq
~A2! which incorporates the idea that the proportion of
sponses given to response categoryi is a function not only of
the similarity of the stimulus to templatei but also of its
similarity to the other four templates:

ni5320S e2di /K

( i 51
5 e2di /KD . ~A2!

The constantK was adjusted to minimize the squared er
between predicted and observed numbers of responses
resulting value ofK was 0.1. The resulting values ofni are
tabulated in parentheses in Table IV.

1Several taxonomies of dichotic pitches can be defined. The one which i
out in the Introduction regards the ‘‘MPS Pitch’’ described by Bils
~1977! and Raatgever and Bilsen~1986! as a multiple Huggins pitch which
inherits its properties from the component pitches; since the Huggins p
is the most salient of the pitches in our classification, a stimulus with m
Huggins pitches is proportionately more salient. On the other hand,
have preserved the distinction between the Huggins pitch and the bin
edge pitch, although the distinction may be artificial. The binaural coh
ence edge pitch, described in an abstract by Hartmann~1984b! and in Sec.
I A, of this paper, may be more deserving of separate classification.

2In generating the CAP, cross correlation was employed as a simple m
ematical surrogate for a process of neural coincidence detection us
range of different delays. Jeffress~1948! suggested that localization on th
basis of interaural time delays was based on an array of units in the m
superior olive which are connected to the two ears by axons with var
transmission times and which respond to simultaneous action poten
arriving from the two ears. In such a network, a given neuron will sel
tively respond to sound of a given frequency, determined by the plac
the two cochleae from which it receives innervation, and a given intera
delay, determined by the relative delays imposed by the converging ax

3Raatgever ~1980! and Raatgever and Bilsen~1986! applied a two-
dimensional envelope to the CAP which emphasized frequencies ar
600 Hz and delays around 0 ms~Raatgever, 1980, eqs. IV.1 and IV.2!.
However, the delay dimension of this envelope has no effect upon
peak-to-valley ratio within an individual scan, and it is this ratio whi
defines a scan as ‘‘well-modulated’’ in the CAP model, causing that sca
command attention. Consequently we did not include the weighing in
illustrations of the CAP model.

4Those previous studies, which employed analog methods of stimulus
eration ~Cramer and Huggins, 1958; Bilsen, 1977; Raatgever and Bils
1986!, reported transition bandwidths which reflected the bandwidth o
which half of the phase transitions took place. This specification was u
because the transitions were not linear with frequency. Rather their s
ness declined away from the center of the transition, gradually asympto
to zero. Consequently no bandwidth for the complete transition could
specified. In the present report, bandwidths for those studies will be
ported in the same way, but bandwidths for the digitally generated lin
phase transitions employed here will be specified as for the complete
sition ~i.e., 6% in the present study'3% in Cramer and Huggins!.

5Such independence is necessary, given that the model does not pe
phase equalization, to account for two related observations:~1! a large
release from masking occurs when speech is presented in the NpSo condi-
tion relative to NoSo~Licklider, 1948!; and ~2! this amount of masking
release is greater than that observed when the noise is given a fixed
aural delay with respect to the speech~i.e., NtSo relative to NoSo! ~Carhart
et al., 1968; Levitt and Rabiner, 1967a, b!. If the model were constrained to
3525 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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apply the same cancelling delay in all channels, it would erroneously
dict that more masking release would be measured in case 2 than ca

6The split peak which occurs for the HP whenw564% occurs whenever the
transition band is approximately one octave. When the transition ban
narrower, the phase transition produces interaural decorrelation, whic
detected by the mE-C model as a spectral peak. However, when the
sition extends over an octave the phase transition is approximately eq
lent to an interaural delay within the transition region. The duration of
delay is half the period of the center frequency of the transition band.
for a 600-Hz transition, the delay is 3.33 ms. The model can apply
delay within the transition region and largely cancel the noise. At the ed
of the transition region, there are sharp changes in interaural delay~be-
tween 0 and 3.33 ms!, which prevent the model from performing cancell
tion and so cause lateral peaks in the recovered spectrum on either si
the transition. Informal listening indicates that these peaks can somet
be heard.

7One way in which the mE-C model might be extended to predict the la
alization of the HP and BEP is as follows. The binaural detection of a t
could trigger perceptual segregation mechanisms that label the frequ
channels close to the transition as containing a separate auditory o
from the background noise. The auditory system might lateralize the
ceived tone by pooling the cross-correlation functions in the labeled ch
nels and identifying the largest peak in the pooled function. This appro
is consistent with demonstrations~1! that segregation of concurrent source
of sound occurs prior to lateralization~e.g., Hill and Darwin, 1996!, and~2!
that the lateralization of broad-band sounds can be predicted from th
teraural delay of the largest peak in pooled cross-correlation funct
~Shackletonet al., 1992!. However, this strategy does not predict the la
eralization of the HP and BEP correctly, because the cross-correlation f
tion in the frequency channel centered on the transition of a HP stim
contains a peak at an interaural delay of 0 ms, whereas the tone is cl
lateralized to one side or the other.
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