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The binaural coherence edge pi{@ICEP) is a dichotic broadband noise pitch effect similar to the
binaural edge pitciBEP). The BICEP stimulus is made by summing spectrally dense sine wave
components with random phases. Tihteraural phase angle is a constator 7r) for components

with frequencies belowor above a chosen edge frequency, and it is a random variable for the
remaining components. The chosen edge frequency is a coherence edge because the noises to the
two ears are mutually coherent within any band of frequencies on one side of the edge and they are
mutually incoherent in any band on the other side. Pitch-matching experiments show that the BICEP
exists for coherence edge frequencies between about 300 and 1000 Hz. It is matched by a pure-tone
frequency that differs from the edge frequency by 5% to 10%. The matching frequency lies on the
incoherent side of the edge, an important result that is consistent with the way that the
equalization-cancellation model has been applied to binaural pitch effects, especially the BEP. The
results of BICEP experiments depend upon whether the coherent components are presented in O or
7 interaural phase for some listeners but not for all. The BICEP persists if the noise to one of the
ears is delayed, but it becomes weaker and less well matched as the delay increases beyond 2 ms.
The BICEP does not depend on whether the component amplitudes are all created equal or are given
a Rayleigh distribution. Some reliable pitch sensation exists even when the component amplitudes
are entirely independent in the two ears, so long as the phase coherence conditions of the BICEP
stimulus are maintained. The existence of the BICEP is a challenge for current models of dichotic
pitch because none of them predicts all its features.2@®1 Acoustical Society of America.
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I. INTRODUCTION ter of the transition region, at a frequency of 600 Hz, the
interaural phase is 180 deg. Such a stimulus produces a pitch
The binaural coherence edge pit&1CEP) is a dichotic  with a frequency of about 600 Hz. The width of the transi-
noise pitch effect, made with white noise wherein a particution region is a critical experimental variable. The width de-
lar interaural phase relationship causes a pitch to appeagcribed above, 7% of the center frequency, is about optimal
Therefore, the BICEP is a member of the family of effectsfor hearing the effectCramer and Huggins, 1958; Hart-
that began with the Huggins pitch and includes the binauraann, 1979
edge pitch(BEP). Like the Huggins pitch and BEP, the Durlach (1962 explained the Huggins pitch in terms of
BICEP sounds like a narrow band of noise or like a pure tong,js equalization-cancellatiofEC) model(Durlach, 1972, in
embedded in noise. which the signals to the two ears can be binaurally added or
A. The Huggins pitch subtracted in the central auditory systémpplied to the
] ) ] . above stimulus, the binaural subtraction operation leads to a
The first, and strongest, tonotopically local dichotic conira| spectrum that is zero everywhere except in the phase

pitch effgct is the Huggins pitchiCramer anq Huggips, transition region. Within the transition region there is a peak
1958. It is created by dichotic broadband noise having aentered at 600 Hz. in agreement with the perceived fre-
transition frequency region over which the interaural phasqf '

changes by 360 deg. For example, the interaural phase an
might be zero for all frequencies up to 580 Hz and 360 de

uency.
%)e Evidence in favor of the EC explanation for the Huggins
. i itch can be found by creating a monaural analog to the
quelé':]’aé%rg g’njegggorﬁ"i;r?ﬂ;et?gf;tii?]o}ls s)iovahzéreBet-h Huggins effect. The analog simulates the supposed action of
interaural phase chanaes smoothly from 0 tog360 In the Cenhe binaural system by electronically subtracting the left and
P 9 y ' right signals of the dichotic stimulus to make a monaural
stimulus in which most of the noise components are can-
AN preliminary study of the BICEP was reported at the 107th meeting of thece|ed. Perception of the resumng noise band can be com-
Acoustical Society of America at Norfolk in the spring of 19@4artmann, : : - : : :
1984a. The noises used in that study were only 0.25 s in duration and the)pared with the pe_rcept obtained ,dIChOtlca”y InHuggins
were not recomputed for each trial. Noises used in the experiments of thBitCh. When the noises are electronically subtracted, the peak
present article were much superior technically, but the results were noin the monaural spectrum leads to a spectral pitch of about
,much different. 600 Hz as expected. If the width of the transition region is
Electronic mail: hartmann@pa.msu.edu . . . .
9Present address: Department of Physics, University of Texas, Austin, T)lncreased' the pitch tends to disappear. As a function of tran-

78712. sition region width, the dichotic pitctHuggins pitch disap-
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pears in the same way as the spectral pitch, electronicallgdge, central neurons following the EC process would simi-
generated by subtracting channétartmann, 1979 At ev-  larly reflect Mach bands. This conjecture for the binaural
ery value of the width, the change in pitch strength is aboutedge was therefore consistent with the bimodal distribution

the same for both kinds of presentation. of the BEP with peaks just above and below the edge fre-
quency. The agreement between experiment and theory was
B. The binaural edge pitch interpreted as support for the EC model. Using the EC model

to explain the BEP data depended on the assumption that the

The binaural edge pitcBEP) stimulus(Klein and Hart- bi | Id . bi | addii ¢
mann, 1980 resembles the Huggins pitch stimulus, but the Inaural system wou sometimes use binaural & ftion o
channels and sometimes use subtraction.

phase variation is only 180 deg, and the width of the transi-
tion region may be zero. Applying the cancellation process . _
from Durlach’s model leads to a central spectrum which isC. The binaural coherence edge pitch

either a high-pass or low-pass noise band. For example, if A fyrther prediction that follows from the EC model is
the noise components in the two ears are in phase below thgat 5 central spectrum with an edge can be created by a
phase transition frequency and 180 deg out of phase aboy§inaural coherence edge. For example, if all the spectral
that frequency, then binaurally adding noises in the two eargomponents below an edge frequency are identical in ampli-
would lead to a low-pass central spectrum, whereas subtragiyde and phase in the left and right channels, and all the
ing noises in the two ears would lead to a high-pass centralomponents above the edge frequency have uncorrelated
spectrum. Because noise bands with sharp spectral edggfases, then an operation that binaurally subtracts the left
(monaural or diotig produce pitches near the edg&@mall  ang right noises leads to a central edge because the low-
and Daniloff, 1967; Fastl, 1971it was predicted, by anal- frequency components cancel exactly while the incoherent
ogy with Durlach’s argument, that the central spectrum crezomponents above the edge survive the subtraction opera-
ated by the dichotic stimulus would also have a pitch,tion. The central spectrum generated by this stimulus should
namely the BEP. Experiments showed that the BEP did existesemble a high-pass noise with a sharp edge leading to a
though it was weaker than the Huggins pitch. It is perhapsitch, This predicted pitch is the BICEP. By analogy with
not extending the analogy too far to say that the BEP isponaural high-pass noise this pitch should lie above the co-
weaker than the Huggins pitch by about the same amount &ference edge frequency. Similarly, noise that is coherent
the spectral edge pitch is weaker than the pitch of the monypgve an edge frequency and incoherent below the edge
aural spectral peak generated by subtracting the Hugginghould lead to a pitch that is below the edge frequency.
pitch channels. - . These then are the predictions for the BICEP. If these
The comparison between BEP and the pitch of a monpregictions hold then the BICEP has a particular advantage
aural spectral edge is strengthened by the results of pitchsyer the BEP because the BICEP is predicted to be above or
matching experiments. A monaural noise with a spectrabejow the coherence edge unambiguously as determined by
edge has a pitch that is close to the edge, but somewhgie stimulus. That is because only the binaural subtraction
within the noise band itself. A low-pass noise band leads to Process leads to a sharp central edge with the BICEP stimu-
pitch that is a few percent below the cutoff frequency; ajys. In contrast, either binaural subtraction or binaural addi-
high-pass noise band has a pitch a few percent above thgyn |eads to a sharp central edge with the BEP stimulus.
cutoff (Klein and Hartmann, 1980; Frijnst al, 1986. Ap-  Therefore, the BEP depends on a choice made by the central
plication of this monaural analogy to the BEP involves anprocessor; the choice of binaural subtraction or addition de-
ambiguity. Whether the BEP central spectrum most retermines whether the pitch is below or above the binaural
sembles a high-pass or low-pass noise band depends on thgase edge, and that choice is not experimentally control-
EC operation applied by the central auditory system, binaurghpje. Because of this theoretical advantage of the BICEP, it
addition, or subtraction. Klein and Hartmann found evidences of considerable interest to know whether the BICEP exists

that way. The two peaks of the bimodal distribution com-predicted.

pared well with spectral edge pitches that were obtained by

physically combining the two channels to make high-pas .
and low-pass bands. Thus, the ambiguity present in thﬁel' EXPERIMENT 1
model appeared to be present in the experimental pitch. Method

matches as well. _ Pitch-matching experiments were done to see if the

It was conjectured that the pitches of both monauralg cep exists and, if it does exist, to check the predicted
spectral edges and binaural edges were caused by Magfychy shifts. The matching experiments used an alternating
bands due to lateral inhibition. In the case of a spectral Edg%equence of BICEP stimulus and sine wave matching tone.

neurons tuned to noise components within the noise band byt,q jistener could adjust the frequency of the matching tone
close to the edge would not be inhibited as much as neurong pest match the pitch heard in the BICEP stimulus.
tuned to frequencies well inside the noise band. The effect of

decreased lateral inhibition on these neurons near the edge of _ .
: o § Stimuli
the band would produce a peak in the excitation pattern at

tonotopic place corresponding to a sine tone just inside the To make a noise with a binaural coherence edge, the left
noise, as observed experimentally. In the case obthaural ~ channel was created by adding 16 384 spectral components

MIDDLE RANGE
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having equal amplitudes and random phases over a 360-dé¢BLE |. Monotonicity for five random matches. The table shows the
range. The componens for the right channel were identicabecied pcertage o ere rsanceustons (o morctor,
in amplitude and_ phase to the compongnts for the left Chanc'en)t/age of setgwith one deviation, two c?eviationsr,ythrez deviZ’tions, and ?our
nel for frequencies on the coherent side of the edge. FOjeviations.
frequencies on the incoherent side of the edge, the ampli=
tudes were again equal, but the phases were rerandomized Condition 0 1 2 3 4 Deviations
over a 360-deg range. Random matches 0.8 21.7 55,0 217 0.8

Noise computations were done in a Tucker-DaVTiBT)
AP2 array processor. Noises were converted to analog form
by the 16-bit DACs on a TDT DD1. The noise stimulus D. Results

buffers were recomputed, with a new set of 16 384 random  gaca;se of the predicted pitch shifts, it is not possible to

component phases, prior to each matchipg trial. For eacﬂjdge the reliability of the pitch matches by direct compari-
channel, the buffer was 32768 samples in length, and thgOn with the edge frequency. Alternative tests 4l

sample rate was 20 ksps. Therefore, the cycle time was 1'6rﬁatches that are monotonic with edge frequency, @d
and the components of the noise were separated by 0.61 Hfatches that are mutually consistent ’

Thus, the transition from complete coherence to complete
incoherence occurred over a frequency difference of 0.61 Hz
The noises were low-pass filtered at 8 kHz and15 dB/ The probability that five matching frequencies chosen at
octave. random are in a monotonically increasing order is 0.8 per-
The experiment was run by a microcomputer which alsccent. Therefore, if the matches obtained experimentally rise
controlled the TDT system. The experimental matching semonotonically with increasing edge frequency, there is good
guence consisted of four intervals: BICEP stimulus, silentevidence that the listener heard a reliable pitch depending on
gap, matching tone in diotic noise, and silent dal inter- the edge frequency. The probability that random frequencies
vals were 500 ms long, incommensurate with the bufferare in ascending order except for one deviation is 21.7 per-
cycle time and short enough that listeners were unaware afent. Therefore, if the experimental matches rise monotoni-
the 1.6-s repetition. The diotic noise presented with thecally except for one deviation, then that too is evidence for a
matching tone had the same level as the BICEP noise, anteliable pitch. This probability argument is the basis of the
by adjusting the matching tone frequency and level, the lismonotonicity statistic which is used throughout this article.
tener could make the matching interval sound like the BICEPThe expected results for random matches are shown in Table
interval. The frequency and level adjustments were madé This table serves as a basis for comparison for all the other
with ten-turn potentiometers on the listener’'s response boxables in the article.
Potentiometer voltages were read with 16-bit ADCs and used For experiment 1, the monotonicity statistic is given in
to control a TDT WG2 pure-tone generator. The ten turns offable Il for the four conditions and five listenéra plot that
the frequency control allowed a range of two octaves, andgorresponds to the average of the four lines of Table Il ap-
push buttons, also on the response box, allowed the listengears as the dark histogram in Fig. 1 for illustration. The data
to move that range up or down by arbitrarily large amountsin Table Il indicate the presence of a pitch depending on the
The noise stimuli were presented at a level of 63 dB SPLedge frequency for all stimulus conditions and all listeners.
(24-dB spectrum levelby Sennheiser HD 480 headphones.For instance, over all listeners and all conditions Table I
The level was high enough to produce strong binaural effectshows perfectly monotonic matches for more than 50 percent
while avoiding cross talk. Listeners heard the stimuli whileof the trials, far greater than 1 percent as expected for ran-
seated in a double-walled sound-treated room. dom matches. Some listeners scored 100 percent. Statistics
Matching trials were blocked as experimental runs, confor monotonicity except for one deviation are similarly out of
sisting of one match to each of five coherence edge frequedine with random performance. Although this statistic ig-
cies, 550, 600, 650, 700, and 750 Hz, presented in randomores the magnitude of the deviation from monotonically
order. There was no time limit for making a match, and runsincreasing matches, most deviations were just exchanges of
typically lasted 3 or 4 min. There were four different condi- neighboring positions when there was only a single violation.
tions: The coherent region could either be above the edgk summary, Table Il shows unequivocal evidence for the
frequency or below the edge frequency, and the coherergxistence of the BICEP.
components could be either in 0 phagkentica) or 7 phase

(inverted. Each listener did ten runs for each condition. TABLE Il. Monotonicity for BICEP. Experiment 1. The table shows the
percentage for which there were (@ deviations from monotonically in-
creasing matches with increasing boundary frequency; also the percentage
of runs with 1 deviation, two deviations, three deviations, and four devia-
There were five listeners, C, J, M, T, and W. Listeners Ctions. Results are averaged over five listeners, C, J, M, T, and W.
and M were females, age 19. Listeners J, T, and W were
males, ages 21, 21, and 59. Listeners C and W were the
authors. All listeners had normal thresholds through 8 kHz Zero phase, coherent below 58 32 10 0
except for W, whose thresholds were elevated above 4 kHzZ™ Phase, coherentabove 38~ 28 32 2
ical f | fth . Pi phase, coherent below 80 18 2 0
as typical for males of that age. Listener J was unusual, hav-p; phase, coherent above 42 46 10 2
ing had no musical training at any time in his life.

. Monotonicity statistic

C. Listeners

Condition 0 1 2 3 4 [eviations
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FIG. 1. Graphic example displaying the monotonicity statistic. The solid
histogram shows average monotonicity statifiie listeners and four con-
ditions from Table I). The open histogram shows the expected monotonic-
ity statistic for random pitch matches, Table I.

500

800
2. Pitch shifts

The pitch-matching results of the four stimulus condi-
tions and five listeners are shown in Fig. 2. Every match is
shown, with the five matches of a run connected by a line.
The rising character for the lines shows the tendency for the
matching frequency to increase with the edge frequency as
expected from the monotonicity statistic. There is also a 1
clear tendency for pitches to be above the edge frequency 7001
when the noise is coherent below the edgecles, and for i
the pitches to be below the edge frequency when the noise is 600¢
coherent above the edgdiamonds. These results are all in 500 |
agreement with the original predictions based on the EC
model.

700}
600

500¢

Matching frequency f,, (Hz)

800

Although the data as a whole all give clear evidence of 800_
the BICEP and its expected pitch shift, there are individual 700}
differences. Listeners M and W with the most musical train- -
ing show the most consistent matches. Listener J with no 6007
musical training is the least consistent. Listeners C and T 500}
made more consistent matches #ephase stimuli than to

0-phase stimuli. A model explanation for this result would be 500 600 700 800500 600 700 800
that listeners C and T are more successful in monitoring the
binaural summation channel, and less successful in taking

binaural diﬁerence$see Sec. E belo)N FIG. 2. Experiment 1 BICEP results. Circles show matching frequencies for
BICEP noise that is coherent below the edge frequency. Diamonds show
matching frequencies for BICEP noise that is coherent above the edge fre-
guency. The diamonds have been slightly shifted to the right for clarity. The

According to the EC model for BICEP, the listener bin- coherent noise components were identical in both @aphase or inverted
aurally subtracts or adds the noises in the two ears leading t(g phas. There were five listeners, C, J, M, T, and W.
a central spectrum with an edge. The monaural analog ex- _ )

periments performed noise subtraction or addition electronith€se noise bands created by subtraction. The results are
cally and sent this noise to both ears diotically. For the purShown by the monotonicity statistic in rows 1 and 2 of Table
poses of this paper such a diotic noise is called “monaural’!!l and in Figs. 3a), (b), (c). Itis clear that listeners matched
because each ear receives adequate information to maket@ edge pitches well and that the shifts were similar, in
pitch match. Otherwise, the monaural experiments were

identical to the BICEP experiments above. TABLE Ill. Monotonicity, for monaural edge pitch. Experiment 1. Monau-
. . . ral noise was made from the difference of the two BICEP channels or the
1. Noise subtraction experiment sum of the two BICEP channels with zero-phase coherence above or below

Subtracting the two channels of the 0-phase BICERhe edge. Results are averaged over three listeners, C, J, and W.
stimulus leads to a monaural noise band with a sharp drop
(measured to be 50 dB in our apparatuéthe components -
are coherent below the edge then the noise power vanisheg®ifference, coherent below 7720 3 0 0
below the edge and the monaural noise is high pass. If theDifference, coherentabove 80 10— 0~ 0 8

0

Edge frequency fg (Hz)

E. Monaural analog

Condition 0 1 2 3 4  Deviations

. . . Sum, coherent below 3 33 47 17
coherent region lies above the edge then the monaural noise; ., conerent above 10 30 43 17

is low pass. Listeners C, J, and W matched the pitches of
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matches to the monaural added stimulus are clearly less con-

800 [© Difference sistent than matches to the BICEP stimulus itself.

700

[ 3. Implications for models for BICEP
500: In the context of the EC model, the results of the mon-
500 aural experiments give every reason to believe that the opti-
o~ mum strategy for a binaural system attempting to fabricate a
aoo_ pitch is to cancel the coherent components and not to com-

bine them so as to reinforce. That is the unambiguous bin-
aural strategy elicited by the BICEP stimulus. For this reason
it was possible to conclude above that listeners who favor
coherent components im phase, such as C and T, preferen-

tially monitor a binaural addition channel and not a binaural

subtraction channel.

700
600

500

800 W Difference

lll. EXPERIMENT 2—FREQUENCY LIMITS

Matching frequency f., (Hz)

700

[ Generally, binaural effects are strongest in the frequency
600} region around 600 HZLicklider et al, 1950. Binaural ef-
500: fects become weaker two octaves below this frequency and

o 1 ] especially weaker two octaves above. The experiments of
500 800 700 800500 600 700 800 Sec. Il were in the fav_orable frequency region near 600 Hz.
The purpose of experiment 2 was to explore alternative fre-
quency regions to determine the limits over which the BI-

FIG. 3. Experiment 1—Monaural analog to the BICEP. Left colu@n(b), CEP could be heard and reliably matched.

(c): Pitch matches for thdifferenceof channels. Circles are for noise co- Method
herent below the edge frequency so that the difference noise is high pasé‘.' etho

Diamonds are for noise that is coherent above the edge frequency so that the For the low-fr n ran fr nci wer
difference noise is low pass. Right colur@), (e), (f): Pitch matches for the or the lo equency range, edge equencies were

sumof channels. Circles are for noise that is coherent below the edge freloov 200, 300, 400, and 500 Hz. For the high-frequency

quency so that the summed noise has a 3-dB low-boost shelf below the edg@nge, edge frequencies were 800, 1000, 1200, 1400, and

frequency. Diamonds are for noise that is coherent above the edge frequengy600 Hz. Except for the change in range, the experimental

so that the summed noise has a 3-dB high-boost shelf above the edge frﬁﬁethods were identical to experiment 1. Equal numbers of

duency. runs were done with the coherent region above and below

the edge frequency. Equal numbers of runs were done with

magnitude andsign to the shifts observed in the BICEP the coherent noise in pha$®) and with phase invertet),

experiment. This agreement suggests a similarity in mechaa total of four different edge types. Listener C did ten runs

nism between binaural and monaural experiments. for each edge type in the high-frequency region and four runs
The monaural analog is conceptually similar to the mon-in the low-frequency region. Listener W did ten runs for each

aural experiment run by Klein and Hartmann in connectionedge type in both the high-frequency and the low-frequency

with the BEP. However, the comparison of pitch shifts with regions.

the BICEP is more impressive than with the BEP. The

BICEP comparison shows the auditory system to be chooss. results

ing binaural addition or subtraction operations to optimize . .

the central edge in the BICEP experiment. In contrast, it is 1€ results for high- and low-frequency regions are

not possible to know what is the optimum operation in theShOWn in Fig. 4. This figure also includes the data from
BEP experiment. experiment 1 plotted in the midfrequency region. It is evi-

dent that performance was much less reliable outside the
midfrequency region. Performance appears to be especially
erratic in the high-frequency region, though this is partly the
result of the linear frequency scale. In a log—log plot, not
Adding the two channels of the 0-phase BICEP stimulusshown here, the low-and high-frequency regions appear with
leads to a monaural noise with an edge that is only 3 dBsimilar dispersion.
high. For the coherent components the amplitudes reinforce A second view of the data appears in Fig. 5, which plots
in phase, whereas for the incoherent components only thihe standard deviation of the matching frequencies as a per-
powers add. The difference is 3 dB in favor of the coherententage of the edge frequency. Although the standard devia-
region. Listeners C, J, and W matched the pitches of noisetion may be somewhat inflated by octave err@rsible at
created by noise addition. The results are shown by th&00, 200, and 800 Hz in Fig.)4it provides further data on
monotonicity statistic in rows 3 and 4 of Table Il and in the consistency of the matches.
Figs. 3d), (e), (f). Comparison with Figs.(d), (b), (c) shows Figures 4 and 5 show that matches to edges outside the
the advantage of cancellation over reinforcement. In factmidfrequency region were not always unreliable. In the low-

Edge frequency fg (Hz)

2. Noise addition experiment
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frequency region matches by listener W to noise that waperiment were done separately, the data in Figs. 4 and 5
coherentabovethe edge were almost as self-consistent agxhibit changes at the boundaries between regions that may
matches in the midfrequency region. Listener W exhibitedbe more pronounced than would have occurred had all fre-
excellent consistency for the 0-phase coherent noise riglguency regions been represented in all runs. This apparent
down to 100 Hz. For listener C, data in the low-frequencyartifact was, however, not decisive. Consistent matches for
region showed no clear preference for O-phasergthase coherence above a 300-Hz edge and for coherence below a
coherence. 800-Hz edge were seen for both listeners. Evidently the in-
Similarly, in the high-frequency region, matches to clusion of many difficult matches in a run did not seriously
m-phase noise that was coherdrglow the edge were con- affect the ability to match at these edge frequencies in the
sistent at 800 Hz for listener W and for edge frequencies upow- and high-frequency regions. Therefore, it seems fair to
to 1200 Hz for listener C. The preference shown by listenepresent all the data in the same figures.
C for 7 phase in the midfrequency region reappeared in the  There are two conclusions that can be drawn from ex-
high-frequency region. periment 2. The first is that the BICEP is considerably more
Because the three different frequency regions of this exprominent in the narrow range of frequencies around 600 Hz,

100
80
60

40

FIG. 5. Experiment 2—BICEP with
i i extended frequency range. The ordi-
nate shows the standard deviatidd (
—1 weigh) of the matching frequen-
cies in Fig. 4. The standard deviation
is given as a percentage of the edge
frequency shown on the abscissa. A
few standard deviations greater than
100 percent are plotted on the top line
with actual values given numerically.

20

Standard deviation (%)

TN WD NS N T L S Y S S | L
400 700 1000

1 1 1 1! T N N | i
1300 1600 100 400 700 1000 1300 1600

100

Edge frequency fg (Hz) Edge frequency fg (Hz)
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where synchrony is well represented in the binaural systenTABLE IV. Monotonicity for BICEP, delay in one channel. Experiment 3.
Although there are exceptions, one might generalize from th§esults are averaged over three listeners, C, M, and W.

data and conclude that the BICEP exists for edge frequencies g,

in a range from 300 to 1000 Hz. This range is smaller than (ms) 0 1 2 3 4 Deiations
the range for the BEP, which can be found as high as 2.5
kHz. In the BEP the noise is coherent on both sides of the

Coherent below

0.0 92 8 0 0 0

edge. 05 7517 8 o 0
The second conclusion from experiment 2 is that when 1.0 50 50 0 0 0
listeners are required to match edge frequencies outside the 2.0 33 50 17 0 0
midfrequency range then the matches are more successful 3.0 1(7) gg gg’ fg 8

when the coherent region stretches into the midfrequency
range, i.e., coherent above the edge for low edge frequencie§oherent above

and coherent below the edge for high edge frequencies. 00 8 1717 8 0
Thus, coherence in the region of best binaural synchrony i'g gg gg 2(; g 8
seems to be important for the BICEP. 20 8 33 59 0 0
3.0 0 33 50 17 0
4.0 0 16 42 42 0

IV. EXPERIMENT 3—TIME DELAY
A. BICEP

The binaural system can obtain a central spectrum withy- A delay of 2 ms sometimes disrupts pitch matching but
an edge starting with the dichotic stimuli of experiments 1 orusually does not. A delay of 3 ms produces a more dramatic
2 by binaurally adding or subtracting the noises to the twdhcrease in variability, and a delay of 4 ms increases the
ears. According to the standard EC model, the binaural addrends seen at 3 ms. Delays of 3- and 4 ms lead to a consid-
ing operation is accomplished by a 180-deg phase shift folerable pitch shift, in the direction of lower pitch, for listeners
lowed by a central subtracting process. Thus, there is n& and W, but not for listener M.
central adding processer se The necessary phase shiftis ~ 1he heavy solid lines in the top panels of Fig. 6 form a
normally attributed to an interaural delay line. It is part of the

equalization stage in the EC model. 0
An alternative version of the EC modé&BGreen, 1966; 48| ¢ Conerent Below T C Coherent Above
Henning, 1973; Bilsen and Goldstein, 1974cludes a cen- gi: 1
tral adding process. No delay line is required for the addition 12}ge o
operation. Whether the central process is adding, or subtract- -12
ing, or possibly both, the internal auditory delay line can be 24}
tested by a BICEP stimulus where the noise to one ear is —36¢
: . . -48}
given an external delay. Experiment 3 introduced such an —60 [

external delay. 481

An external delay line does not change the incoherence/ ]
coherence conditions of the stimulus. For the incoherent re-
gion, adding delay maintains the incoherence. For the coher-
ent region, adding the delay means that fpesitive or
negative peak of the cross-correlation function is shifted
from a lag of zero to a lag equal to the added time delay.
However, the magnitude of the peak is still unity.

Delay was added with a BSS TCS-803 digital delay.
(Actual values of the delay were verifietd10 us by a test
that canceled sine tongsThe experiment was otherwise
similar to experiment 1 including coherence both above and 1
below the edge. However, the initial phase was always set to ~36F W Coherent Belov &, T W Coherent Above d
zero because it seemed superfluous to introduce a phase shift, —_ggt. . . . . . °4% . | | |
such as, in addition to the delay. 0051 2 3 4 0051 2 3 4

The results of the experiment for listeners C, M, and W Delay (ms)
are given by the monotonicity statistic in Table IV and the

pltCh shift plOtS in Flg 6. Unlike FlgS 2 3 and 4 which FIG. 6. Experiment 3—BICEP with one channel delayed as shown on the
o PN .horizontal axis. All matches are shown. There are six blocks of data, corre-

show aCtL_'al matching freque.nc_'es’ Fig. 6 plots each match ig},,nging to the six delays shown on thaxis. Within each block, columns,
terms of its percentage deviation from the coherence edgmom left to right, indicate edge frequencies of 550, 600, 650, 700, and 750
frequency. Therefore, the 45-deg line in Figs. 2, 3, and 41z, the central range. Separate plots show data for stimuli that are coherent

corresponds to the horizontal line at zero percent in Fig. 6_below and c_oher(_ent above the edge. There were three Il_steners C, M, and W.
The heavy lines in the top panels show the average shifts that would occur

The data indicate that delays as'long. as 1 ms. have_ ”ttll'f"or random matches with a mean matching frequency of 650 Hz. See the
effect on the matches except for a slight increase in variabiltext.

Percent shift
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TABLE V. Monotonicity for the disruptive delay. Experiment 3. Results are

averaged over three listeners, C, M, and W. 800
Condition 0 1 2 3 4 Deviations s
700+
Sum 0 22 66 12 0 F
Difference 0 22 44 34 0 600 +
BICEP 44 44 12 0 0

500 |

reference showing the result expected for random matching
with a mean matching frequency of 650 Hz, the center of the
stimulus edge-frequency range. The vertical extent of the
heavy line, caused by the increasing edge frequency from left
to right, is less than the extent seen experimentally for long
decays. The slopes of the heavy lines are similar to the slopes
of the data for long delays, indicating weak correlation be-
tween matching frequency and edge frequency.

What seems most significant about this experiment is
that it shows the internal delay line of the binaural system at
work. The external delay can be compensated by the internal

800 ¢
700+

600

500

800 IW 0 phase

Matching frequency f, (Hz)

700

delay line so that the central spectrum has an edge, leading to i
a pitch, unchanged from the experiment with no external 600
delay. This demonstration is independent of assumptions -
about the rule for combination, central addition, or central 500

& |
500 600 700 800

subtraction. The delay line begins to fail to operate in the
expected way somewhere between 2 and 4 ms. This result

agrees with the length of the delay line determined by bin- Edge frequency fr (Hz)
aural masking experiments.g., van der Heijden and Trahi-
otis, 1999. FIG. 7. Experiment 4—Matches for BICEP with random amplitudes—

identical in both ears. See Fig. 2.

B. Monaural analog
) ) V. EXPERIMENT 4—RANDOM AMPLITUDES
A monaural analog to the BICEP stimulus with delay

adds the signals for the left and right ears. This leads to a flat Experiments 1, 2, and 3 used special noise in which
noise spectrum in the incoherent region and rippled noise i§very component had the same amplitude, i.e., equal-
the coherent region. It can be expected that listeners woul@mplitude random-phase noise. However, for thermal noise
have great difficulty in matching the pitch of such a noise.the amplitudes are distributed according to a Rayleigh distri-
Unlike the binaural case, there is no way to use an interndpution. Experiment 4 replaced the equal-amplitude noise
delay line to compensate for the effects of the external delayith such a random-amplitude noise. The conditions were
Particularly disruptive is a delay equal to one quarter of theotherwise the same as for experiment 1. In particular, the
reciprocal of the edge frequendyor example, for an edge amplitudes of each component were the same in left and
frequency of 650 Hz the reciprocal is 1538, and the most fight ears. Therefore, in the phase-coherent region a subtrac-
disruptive delay is 385s. tion operation would lead to perfect cancellation as in experi-
ment 1. Because the spectrum is so dense, with many com-
ponents in any auditory band, one expects that the change
Listeners C, M, and W did three runs for the sum andfrom equal amplitudes to random amplitudes should have no
three runs for the difference of the monaural delayed taskffect (Hartmann, 1997, p. 526 Experiment 4 was a brief
with a delay of 385us. This delay is expected to be maxi- test to show that this is so.
mally disruptive because one quarter of its inverse is in theA Results
center of our range of edge frequencies. As always, listeners’
were required to make a match whether or not they could Listeners C, M, and W each did six runs with the BICEP
hear a clear pitch. The experiment found that sum and difstimulus made with random amplitudes, both coherent below
ference stimuli led to indistinguishable results, and both werghe edge and coherent above. Only the 0-phase condition was
random. The monotonicity statistic in Table V and pitch- tested. The results, shown in Fig. 7, were indistinguishable
matching plotgnot shown for sum or difference are consis- from the results of experiment 1 with equal amplitudes. The
tent with random matches. By contrast, Table V and pitch-monotonicity statistic in Table VI shows no degradation
matching plots show monotonic or nearly monotoniccompared to Table Il for equal amplitudes. Both tables show
matches for the BICEP with a delay of 3g%, not different somewhat greater monotonicity for the “coherent below”
from the results with zero delay. The comparison betweertondition. Although the listener populations were somewhat
binaural and monaural experiments gave clear evidence fatifferent, the comparison between experiments 1 and 4 gives
the operation of the internal delay line. no reason to suspect that the special choice of equal-

1. Experiment and results
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TABLE VI. Monotonicity for BICEP, random amplitudes. Experiment 4. TABLE VII. Monotonicity for independent amplitudes. Experiment(%)

Results are averaged over three listeners, C, M, and W. Monaural noise was made from the difference of the two zero-phase BICEP
channels(2) Monaural noise was made from the sum of the two zero-phase
Condition 0 1 2 3 4 Deviations BICEP channels3) The BICEP dichotic stimulus. All were coherent below
the edge or coherent above. Results are averaged over three listeners, C, M,

o
o

Zero phase, coherent below 100 0 0

Zero phase, coherent above 50 33 17 0 0 and W.

Condition 0 1 2 3 4 Deviations

1 difference, coherent below 75 25 0

amplitude noise, as used in experiment 1 and in other experi-} difference. coherent above 75 25 0

ments, had an important effect on the BICEP. 2 sum, coherent below 33 42 25
2 sum, coherent above 8 75 8
3 BICEP, coherent below 25 25 50

VI. EXPERIMENT 5—INTERAURALLY DIFFERENT
AMPLITUDES

[cNeNoNel Ne]
OO O O

3 BICEP, coherent above 9 58 33

Experiment 4 used Rayleigh amplitudes that were ran-
dom but were the same in left and right ears. Experiment 5 | isteners C, M, and W did four runs of this binaural

also chose amplitudes from a Rayleigh distribution, but thesyperiment. The results are shown in the monotonicity table,
choices for_ left and right ears were made independentlygple Vil—last two lines—and by Figs.(§—(). Evidently

Therefore, in the coherent region, only the phases of cOmpgne matching performance did not rise to the level expected
nents in the left and right ears were identical. In the incohers.gm the results of the monaural analog. Only listener M

ent region both amplitudes and phases were independeghyroached the consistency achieved with identical ampli-
across the ears. The reason for expecting that a BICEP woulgijes in the two ears.

survive this amplitude randomization can be found in the  Tp¢ poor performance with interaurally independent am-

monaural analog. plitudes is somewhat surprising. Because amplitudes are
strictly positive numbers, randomizing them does not have
A. Monaural analog the same effect as randomizing phases. With an identical

Thermal noise is made by adding sine and cosine comphase spectrum in the two ears, considerable coherence re-
ponents with coefficients drawn from a normal distribution.mains even when the amplitudes are randomized. Therefore,
If the normal distribution has varianae? the amplitudes of good performance was expected, not poor performance. The
the spectral components are Rayleigh distributed, and thetimulus for this experiment can be thought of as an
noise power is half the average value of the squared amplidentical-amplitude stimulugas in experiment ¥plus added
tude ora?. Adding or subtracting two statistically identical incoherent noise, albeit a rather special noise. The poor per-
but incoherent noises leads to twice the power of.2In a  formance suggests that the BICEP is quite vulnerable to
coherent region, where the noise phases in the two channef¢lded binaurally incoherent noise.
are the same, addingr subtracting the channels leads to a
power given by the summed incoherent power floismi-
nu9 the square of the average amplitude. For a Rayleigh  sgplc orreronce
distribution, this is 2%+ (7/2)o? (Hartmann, 1997, Appen- 200
dix I). For the plus sign, the noise is 2.5 dB greater than the
sum or difference of incoherent noise channels. For the mi-4
nus sign, the noise is 6.7 dB less than the sum or differencesE 500 "
of incoherent noise channels. Therefore, adding or subtract-,
ing channels leads to a spectral edge of 2.5 or 6.7 dB, re-§
spectively. It seems possible that a reliable pitch might be &
generated by spectral edges of this kind, especially the“é
6.7-dB edge created by the difference. £

Listeners C, M, and W did four runs of the monaural
experiment. The results are given by the monotonicity statis-
tic in the first four lines of Table VII and by the matching
graphs in Figs. &—(f). As expected, the most consistent
matching occurred for the edge created by the difference, bui

the edge created by the sum also led to matches much bette ]
than Chance_ 500 600 700 800500 600 700 800500 600 700 800

C 0 phase

600

<
3]
2
g
=

Edge frequency fg (Hz)

B. Binaural experiment i ) o )
FIG. 8. Experiment 5—Pitch matches for noise with random amplitudes—

Based on the good results for the difference spectrum ifndependenin both ears. Circles are for noise coherent below the edge;
the monaural analog, one would expect that listeners Coulalamonds are for noise cohergnt abovg the edge. Separate columns show the
. . results for(1) Monaural experiment—difference of channg®} Monaural
hear a BICEP for left and right channels made from Indepenéxperiment—sum of channelg) BICEP experiment with coherent compo-

dent noise amplitudes. nents having identical phases.
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VIl. SUMMARY AND COMPARISON there is a residual excitation in a filter channel following the

The most significant results of this work can be Summa_cancellatlon process. These models can be compared with

rized in a few sentencegl) The BICEP exists(2) Matches whaz)vr\]/ethh:vee .ﬁzrnnceedoibt?qit tBhI((a:IEI;iIEtE'ree models. EC
to the BICEP show pitch shifts as expected based on BEP Xl ' '

experiments and based on the model of central lateral inhi(—:AP’ and mEC, as they are applied to binaural pitch effects,

bition advanced to explain the BEfIein and Hartmann predict that a binaural pitch occurs at a place corresponding

1980. Therefore, BICEP and BEP are similar, but BICEPto atpeak Il—|n a central reprffﬁntatlo; Iresel;nbllllng a (;:_e?tral
has the great advantage that the pitch shifts can be predicté&)eC fum. However, none ot the models actually predicts a
eak for the BICEP stimulus, and the most literal interpreta-

unambiguously, whereas the pitch shifts for the BEP depenB o :
on a choice made by the listener's binaural systénBl- tion of the situation is that none of the models predicts the
CEP shifts agree qualitatively with the pitch shifts seen inemstef:me of the %ICIZﬁP. he vi hati di K
analogous monaural experiments, concocted to simulate the The mEC model has the virtue thatibespredict a peal

imagined operation of a hypothetical EC process. Quantita—or the BEP stimulus. The peak occurs because auditory fil-

tively the BICEP shifts are somewhat larger and show largef'S tuned to the edge frequency, where the phase changes
variance.(4) The BICEP continues to exist if the noise to rapidly, are the only filters in which good cancellation does

one of the ears is externally delayed, but it becomes unrel{10t occur. Hence, a peak appears as function of place. By
able if the delay exceeds 2 or 3 ni§) The comparison of comparison, the original EC model predicts only an edge in

m-phase coherence and 0-phase coherence reveals a curid€ central spectrum. On the other hand, as noted by Culling
individual difference. Of four listeners who made very reli- €t @l- the mEC model does not obtain a peak for the BICEP

able matches tor-phase BICEP, only two of them retained stimulus. It predicts only a broadened edge in the residual
that reliability for O-phase BICEP. activation pattern, equivalent to the central spectrum. It was

It is natural to compare the BICEP with the BEP. The actually this situation that prompted us to resume BICEP

monaural analogs are essentially identical for both. Howeve@XPeriments after a hiatus of 15 years. _

the BEP is coherent on both sides of the edge, whereas But although none of the models in their present form
BICEP is coherent on only one side. Therefore, the boundPredicts a peak in the central spectrum, all of them can pre-
aries on a binaural delay-plac¢TD-frequency plot are  dict an ed_ge. It may be rea_sonably argued that the remaining
sharper for the BEP, and priori, one might expect the duestion is why an edge, either monaural or central, leads to
BICEP to be weaker than the BEP. Listeners made informa® Sense of pitch. Incorporating a central differentiation pro-
comparisons between the BEP and BICEP in the middi€€ss With respect to place could account for both monaural
range of edge frequencies, 550750 Hz. Some of them four@nd central pitches and would allow any of the binaural mod-
the BEP to be stronger and some of them did not. None of!S to predict the existence of the BICEP. Differentiation
them found the difference to be striking. Apparently, what isWith respect to place is here equivalent to lateral inhibition,
important is the ability to cancel a coherent spectral region€nhancing contrast at an edge. The details of how central
The spectral region that is not cancel@herent for BEP  lateral inhibition could be incorporated into each of the mod-
and incoherent for BICEPis apparently less important, at €ls of dichotic pitch is beyond the scope of this article.

least for favorable values of the edge frequency. It may be-  On the pitch shift of the BICEPThe experiments of this
come more important for edge frequencies that are highearticle have shown that the BICEP is shifted away from the
than optimum. Our best evidence is that the BICEP exist§dge frequency. The results are unequivocal on that matter.
over a smaller range of edge frequenci@g0 to 1000 Hy ~ We suspect that the BEP is similarly shifted, but it is harder
than the BEP, which persists for edges an octave highef0 prove that. Experiments on BEP made with analog stimuli

However, a careful head-to-head comparison between BEPY Frijnset al. (1986 did not find pitch shifts, but continued
and BICEP has not been done. BEP experiments with digital stimuli in our lab continued to

find shifts. The unambiguous shifts observed with the BICEP
make the otherwise controversial BEP shifts more plausible.
None of the models of dichotic pitch predict the shift of
Besides the EC model, there are other models that athe BEP. However, incorporating central lateral inhibition
tempt to account for dichotic pitch effects like the Hugginswould predict a shift for both the BEP and the BICEP. Thus,
pitch, the BEP, and the BICEP. The central activity patterncentral lateral inhibition not only allows the binaural models
(CAP) model by Raatgever and Bils€ti977, 1986, based to predict the existence of the BEP and BICEP but it also
on the central spectrum mod@Bilsen, 1977, is a delay- predicts the observed shift. The EC model and the mEC
place plane model for both the pitch sensation and the latemodel together with central lateral inhibition predict that the
alization of the pitch. The CAP model predicts that dichoticBICEP should be shifted into the incoherent region, in agree-
pitches occur at the frequencies of spectral peaks prominement with experiment. Against the hypothesized central lat-
in the central spectrum obtained with advantageous interateral inhibition hypothesis are the results of pulsation thresh-
ral time delays. Recently Cullingt al. (1998a, b have de- old experimentgHartmann, 1984bwhich were designed to
veloped a modified equalization-cancellation mo@eEC) look for the effect but failed to find it. Possibly central lateral
wherein the EC process takes place in frequency bands. Thehibition exists but has temporal properties that prevent a
mEC model predicts binaural pitches at frequencies wherpulsation threshold experiment from revealing it. Possibly
the interaural phase changes so abruptly with frequency thaentral lateral inhibition exists but it is such a weak effect

VIIl. DISCUSSION AND CONCLUSION
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that it can be seen only in a pitch experiment and not in gorted by a Research Participation for Undergraduates Pro-

masking(pulsation thresholdexperiment. gram grant from National Science Foundation to Michigan
On the advantage ofr-phase coherence over 0-phase State University.

coherenceFigure 2 shows that four listeners made consis-

tent matches to ther-phase condition but only two of them lin this article, the term “addition” is used in several ways. “Binaural

made comparably consistent matches to the 0-phase condpddition” means that the auditory system as a whole operates in a way that

. . - adds the signals at the two ears. Binaural addition might possibly employ a
tion. The EC model and mEC model involve cancellation by binaural delay line to shift the phase. “Central addition” means that el-

central subtraction of left- and right-ear noises following an emental rule of binaural combination is addition. By this definition the

equalizing delay. As such, they should predict better perfor-combination takes place at a stage that follows all interaural delays. “Noise

mance when the coherent region has 0 phase rathersthan adldition” mkeans that the Iexp_erirrpent('ers hzvizj added the left allnd rilght charr:-
. els to make a monaural stimulus, intended as a monaural analog to the

phase because no mte_m_al delay C‘jin perfeCtly cancel a@inaural processes under study. In this article, the term “subtraction” is

m-phase components within one auditory channel. The faciyualified in the same way as addition.

that two listeners performed better in experiment 1 when théThe correspondence between dichotic pitch and the monaural analogy ob-

coherent region was inr phase runs counter to the predic- tained by electronically simulating the operation of the binaural system
tions of the EC and mEC models does not hold perfectly for the BEP. Unpublished experiments show that

when the phase transition region is broadened, the BEP survives better than
By contrast, the CAP model employs a central addition the monaural analog. Although the monaural analog leads to a stronger

procesgrather than subtractionThe apparent advantage of pitch sensation than the BEP for a narrow transition region, the BEP can

m-phase coherence seen experimentally would be consiste%ecome stronger for wider regiofartmann, 1984¢ =~ .

. L. : arly experiments used gap intervals consisting of diotic noise. This pro-
with addition as the fundamental operation because a centraloqyre was based on the assumption that it would be easier to hear the
addition process can cancel thgphase noise without the aid  dichotic pitch if the dichotic stimulus entered as an abrupt change in the
of a delay line. This result argues in favor of the CAP model. hoise as the stimulus sequence cycled. A similar temporal effect was found

; ; ; : _ by Kubovy (1981 for line spectra. Experiments with a silent gap were
However, this argument Is not consistent with the low introduced to prove that the BICEP wast really caused by Kubovy’'s

frequency data obtained in experiment 2. If it is really m;'e effect. At that point listeners discovered that silent gaps made the BICEP
that the m-phase advantage is caused by the delay lineeasier to hear and that noise in the gaps just made the task harder. Because
needed for O-phase coherence then this advantage ought fise in the gaps leads to a potential Kubovy artifact, no further experi-

ents were done with noise in the gaps, and all data reported in this article
grow as the edge frequency decreases. The lower the ed ore collected with silent gaps.

frequency the |0n_ger the required delay. Experiment 2 in<gypanded tables with the data from individual listeners are available from
cludes only two listeners, but both of them produce morethe first author. Please request Report 110SUP.
consistent matches for 0 phase than#grhase. One of these ®If the power spectrum of the sufor differencg of two channels is said to

. . be 1 for the incoherent region, then in the coherent region the power spec-
two listeners is C, who shows an advantage fophase at trum of the sum of undelayed channels ih2cause of amplitude additipn

higher frequencies. and the power spectrum of the difference i¢because of perfect cancel-
An additional clue appears in the form of the BICEP lation). Delaying one of the channels By, before combination produces a
data in Fig. 2. For listeners M and W, the good performancepower spectrum in the coherent region given by ZekTp) for the sum
seen with 0-phase coherence is not distinguishable from th@nd given by 2 sif(xfTy) for the difference(Hartmann, 1997, Chap. 15
: : WhenfT Is 1/4, these functi h equal to 1. Therefolg, if
good performance withr phase. For listeners C and T, per- \'eNfTo equals 1/4, these functions are both equal to 1. Therefol |

. . . . is chosen according to the edge frequerfgy, such thatfcTp=1/4 then
formance is ConSIderably worse with 0 phase. This form Ofthe delay is maximally disruptive because at the edge, the power spectrum

the data does not suggest a central addition process that i the coherent region is exactly equal to the value of the power spectrum

made noisy by a delay line when the system is required toin the incoherent region. The spectrum in the coherent region now fits

subtract. Instead, the form of the data suggests a model Witﬁmoothly onto the spectrum for the incoherent region and there is no dis-
’ ' . continuity, no spectral edge at all.

two channels, one for central addition and one for central

subtraction as in the version of the EC model adopted by

Green(1966 and Henning(1973. Listeners may be more

successful at monitoring one of these channels. AlternaBilsen, F. A.(1977. “Pitch of noise signals: evidence for a central spec-

. . . trum,” J. Acoust. Soc. Am61, 150-161.
tlvely’ the two channels mlght CorreSpond to different pathSBiIsen, F. A., and Goldstein, J. (1974. “Pitch of dichotically delayed

through the delay-place plane as suggested in the CAPngise and its possible spectral basis,” J. Acoust. Soc. B&n292—296.
model. In the end, the BICEP experiments presented in thiSramer, E. M., and Huggins, W. H1958. “Creation of pitch through
article have not enabled us to choose among competing mogPinaural interaction.” J. QCOSSL Soc. Ar8D i1%‘4é298 4. “Dicholi
. S L ulling, J. F., Summerfield, Q., and Marshall, D. . “Dichotic
els of dIChOt_IC pitch; the rgsults have md_lcated that all _the pitches as illusions of binaural unmasking. |. Huggins’ pitch and the ‘bin-
models require extension, if only to deal with the pitch shifts. aural edge pitch’,” J. Acoust. Soc. AM03 3509—3526.
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