Melody recognition using three types of dichotic-pitch stimulus
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The recognition of 10 different 16-note melodies, constructed using either dichotic-pitch stimuli or
diotic pure-tone stimuli, was measured. The dichotic pitches were created by placing a
frequency-dependent transition in the interaural phase of a noise burst. Three different
configurations for the transition were used in order to give Huggins pitch, binaural-edge pitch, and
binaural-coherence-edge pitch. Forty-nine inexperienced listeners participated. The melodies
evoked by the dichotic stimuli were consistently identified well in the first block of trials, indicating
that the sensation of dichotic pitch was relatively immediate and did not require prolonged listening
experience. There were only small improvements across blocks of trials. The mean scores were 97%
(pure tones 93% (Huggins pitch, 89% (binaural-edge pitch and 77%(binaural-coherence-edge
pitch). All pairwise differences were statistically significant, indicating that Huggins pitch was the
most salient of the dichotic pitches and binaural-coherence-edge pitch was weakest. To account for
these differences in salience, a simulation of lateral inhibition was applied to the recovered spectrum
generated by the modified equalization cancellation mét. Culling, A. Q. Summerfield, and D.

H. Marshall, J. Acoust. Soc. Anl03 3509-35261998]. The height of the peak in the resulting
“edge-enhanced” recovered spectrum reflected the relative strength of the different dichotic pitches.
© 2001 Acoustical Society of AmericdDOI: 10.1121/1.1390336

PACS numbers: 43.66.Pn, 43.66.Hg, 43.66.Ba, 43.75SRH|

I. INTRODUCTION the interaural phase changes abruptly from @rt@dians. In

a binaural-coherence-edge-pitch stimuluight panel the
~ Since Cramer and Hugging1958 pioneering research, jnteraural phase changes abruptly from 0 radians to a random
it has been known that pitch sensations can be created by th@ye, Although variations of these dichotic-pitch stimuli
binaural interaction of noise stimuli. These “dichotic haye peen reported, differing in the interaural phase of the
pitches” are analogous to the visual objects that can be se€ly, . ier noise in the case of Huggins pitch or the spectral

in random-dot stereogranie.g., Julesz, 1971the stimulus direction of the transition in interaural phase in the case of

a_t each ear gives no pitch sensation, but, when presentetﬁe two edge pitches, we deal here only with the “prototypi-
binaurally, disparities between the two ears lead to the per:

. . - M~'cal” variations shown in Fig. 1.
ception of pitch. We report below a study of the recognition The value of the perceived pitch has been measured by
of melodies produced using three types of dichotic-pitch

stimulus and also USing pure tones asking listeners to match the pitch using a pure tone of ad-
The tvpes of dicﬁo?ic- itch sfimulus used were thejustable frequency. For Huggins pitch, the matching fre-
. . o ; uency is commonly found to be equal to the center fre-
Huggins yF;)ltch (Cramerpand Huggins, 1958 the q yi Iy_f d b €a : h f
“binaural-edge pitch”(Klein and Hartmann, 1981and the (tq)gencyl Ofd the _ttrahns'gllor(e.g.(,j Eulllng e;]gg, 1f998('j !{:hort
“binaural-coherence-edge pitch{Hartmann, 1984; Hart- inaural-edge prich, 1iein and Har m.alﬁ ) ound that
mann and McMillon, 2001 For all of the stimuli, the pres- the d|str|but.|on of matching frequencies was bimodal, with
ence of a single frequency-dependent transition in the inter2"® peak slightly above and the other peak slightly below the

aural phase of a broadband noise gives rise to the perceptiéf?ns't'on frequency. _Suk_)sequent mgasuremgnt_s co_nfhct _W'th
of pitch. This percept is similar to that of a pure, althoughth's result, however, indicating a unimodal distribution with

faint, tone. These transitions are illustrated schematically irf peiak centered on the_ transition frequeriyijns et al,
Fig. 1. In a Huggins-pitch stimuludeft pane) the interaural  1986; Cullinget al, 1998; at present there is no agreement
phase changes progressively from 0 to @quivalent to D as to whether the distribution is bimodal or unimodal. For the

radians across a narrow frequency region. The width of thi@articular variation of binaural-coherence-edge pitch used
region has sometimes been varied in previous studies; herBere, Hartmann and McMillot2001) found a unimodal dis-

we use a fixed value of 16% of the center frequency of thérbution, but with a peak placed approximately 5%-10%

transition® In a binaural-edge-pitch stimulusniddle panel ~ @Pbove the transition frequency. _
Theories differ as to the nature of the binaural process-

dAuthor to whom correspondence should be addressed; electronic mai!.ng that creates the se_nsgtion of pitCh from the tranSitiO_n in
maa@biols.susx.ac.uk interaural phase¢e.g., Licklider, 1959; Durlach, 1962; Klein
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FIG. 1. Interaural phase difference plotted as a function of frequency for the three types of dichotic-pitch stimulus. The transition frequétciHavas 5
each case. Each dot represents the interaural phase difference of one frequency co(apaciegt 3.3 Hz). Note that the interaural phase difference for the
binaural-coherence-edge pit¢abbreviated to “BICEP} stimulus was random above the transition frequency and thus would have differed in each of the
experimental stimuli from that plotted. The interaural amplitude difference of all the frequency components was zero, apart from the frequenegtsomp
higher than the transition frequency in the BICEP stimulus, for which the interaural amplitude difference was random.

and Hartmann, 1981; Raatgever and Bilsen, 1986; Cullindrequency of 500 HZthe computational details of the calcu-
et al,, 1998; Akeroyd and Summerfield, 1999 he two most lation of these spectra are reported in Sec. IV beldvor
developed models of dichaotic pitch are the central-spectrunboth the Huggins-pitch stimulusolid line) and the binaural-
model(e.g., Raatgever and Bilsen, 1986; Frigtsal, 1986 edge-pitch stimulugdotted ling, there is a single peak at the
and the modified-equalization-cancellation mo@egy., Cull-  transition frequency. For the binaural-coherence-edge-pitch
ing et al,, 1998. In both of these models, the sensation of stimulus(dashed ling there is instead a high-pass recovered
pitch is assumed to be produced by a peak in a spectruspectrum with a sloping edge. It is presumed that a process
calculated on the basis of binaural cues, but the method adf lateral inhibition is applied to the edge in the recovered
determining this “binaural spectrum” differs across models.spectrum, so creating a single peak placed slightly above the
The sensation of a dichotic pitch is assumed to be due to theansition frequency.
presence of a peak in the binaural spectrum, by analogy with It seems reasonable to assume that the strength of the
the peak in a monaural excitation pattern created by a purgpitch sensation is related to the height of the peak in the
tone stimulus. As the purpose of this study was not to testecovered spectrum. If so, binaural-edge pitch should be
experimentally the different models of dichotic-pitch sensa=slightly weaker than the version of Huggins pitch used here.
tion, for simplicity we limit the present discussion to the (Culling et al, 1998, Fig. 4, showed that the height of the
modified-equalization-cancellation model. peak in the recovered spectrum of Huggins pitch is depen-
Two operations are fundamental to this model. First, thedent upon the bandwidth of the transition in interaural phase.
signals at each ear are passed through an array of auditolhe present simulations were based on the same bandwidth,
filters. Second, processes of equalizatioh overall differ-  16%, as used in our experimeni quantitative prediction of
ences in interaural time and intengignd then cancellation the strength of binaural-coherence-edge pitch cannot be
are applied to each filter output, with the goal of minimizing made without a function representing the amount of lateral
the power of the remainder after cancellatiéBurlach, inhibition. It would seem reasonable, nevertheless, to expect
1972. The minimum value of the power is termed the “re- that a peak introduced by this extra stage of processing
sidual activation.” The model allowidependentime de-  would not be as large as a peak directly present in the recov-
lays to be used in each filter channel when applying the timered spectrum for the Huggins-pitch and binaural-edge-pitch
equalization. The result is a spectrum of residual activatiorstimuli. Hence, binaural-coherence-edge pitch should be
versus frequency and is termed the “recovered spectrum.tveaker than the other two pitches.
Figure 2 shows example recovered spectra for the three types One way of estimating the strength of a dichotic pitch is
of dichotic-pitch stimuli used here, each with a transitionby adjusting the signal-to-noise ratio of a pure tone presented
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TABLE I. The frequencies of each of the 16 notes forming the 10 melodies used in the experiment.

Frequency of Note

Name of melody 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Au Clair de la Lune
Frere Jacques
Twinkle, Twinkle Little Star

C5 C5 D5 E5 E5 D5 D5 C5 E5 D5 D5 C5 CS CS CS
ES FS GS GS E5 FS GS GS
CS GS GS AS AS GS GS FS FS ES E5 DS DS CS CS
This Old Man Ds Fs Fs Fs Ds Fs Fs Gs Fs Df Ds Cs Ds D D¢
God Rest Ye Merry Gentlemen Ds As As Gs Fs Es Ds Cs Ds Es Fs Gs As As As
Yankee Doodle Fs Gs As Fs As Gs Cs Fs Fs Gs As Fs Fs Es Es

o [l
HTOHO
v}
o
m
o
O
ol
O
ol
O
o
g
O
ol

Good King Wenceslas F R Fs Gs Fs Fs Cs Cs Dg Cs Dg Es Fs Fs Fs Fs
Chimes of Big Ben A Fs Gs Cs Cs Gs Ag Fs Ag Fs Gs Cs Cs Gs Ag Fs
Lead Us Heavenly Father Lead Us 5C E; Gs Gs Ag Gs Fs Es Es Fs Gs Cs Es Dg Cs Cs
Bobby Shaftoe F F Fs Af As C As Fs Cs GCs GCg Fs Es G E GCs

in noise so as to match the pitch strength. Klein and Hartsame as those used by Moore and Rod&79. They were
mann(1981) reported that the strength of binaural-edge pitchbased on well-known melodies, but were modified by slight
was slightly greater than that of Huggins pitch, although thedistortions of the rhythm so as to consist of 16 equal-
differences between the two pitches were small and someturation notes. These modifications required long-duration
what variable across frequency. We know of no equivalenpotes to be split into two or more equal-duration shorter
measurements of the strength of binaural-coherence-edggtes. Moore and Rosen reported that their listeners did not
pitch, although Hartmann and McMillof2001) asked their i, the modifications to be particularly disturbing. The fre-

listeners to make informal comparisons of the two F?'tChesquencies corresponding to the notes in each melody are listed
They reported that a subset of their listeners found binaural-

edge pitch to be the stronger, although none reported |6r11 Table I. The minimum, mean, and maximum frequencies
L= . ! o . were, respectively, 524 Hz{(Cs), 707 Hz (=F5), and 1046
striking” (p. 303 difference in strength. An indirect esti- . . -
mate can be obtained from the variability in pitch matches.HZ (=Ce). Pilot experiments |nd_|cated that the c_hosen fre-
Hartmann and McMillon(2001 reported a standard devia- quency rgnge gaye clear sensations of dichotic pitch, at least
tion of approximately 3% of the transition frequency for for experienced listeners. o _
binaural-coherence-edge pitch. This value is only slightly I the pure-tone condition, each individual note in a
greater than the value of approximately 2% reported by Frimelody was a tone burst with a frequency equal to that of the
ijns et al. (1986 for binaural-edge pitch, suggesting that, note. The pure-tone stimuli were presented diotically. In the
within the margins of error, the two edge pitches may havehree dichotic-pitch conditions, each individual note in a
about the same pitch strength. However, the possibility ofnelody was a burst of dichotic bandpass noise which con-
individual differences in matching accuracy makes it difficulttained an interaural phase transition centered on the fre-
to draw firm conclusions from comparisons across studies. quency of the note. Each dichotic-pitch stimulus was created
The first question addressed by this study was: do thén the spectral domain by rectangular filterif@-4000 Hz
three types of dichotic pitch differ in salience, as might bepasshandtwo matched 6000-point buffers representing the
expected on the basis of the above arguments? To answght and right channels of a diotic Gaussian noise sampled at
this question, we used a melody recognition task. We wergq gog Hz. The phases of frequency components in the spec-
also interested in the salience of dichotic pitches relative Qral buffer representing one channel were then modified. For

the clear pitches produced by pure-tone stimuli. Therefor%ach Huggins-pitch stimulus, a linear shift of 0 te Gadians

l’(\;ig;dwed a set of melodies produced by sequences of PU{Fas added to the phases for frequency components from 8%

The second question of interest was: are dichotic pitchegeIOW to 8% apove Fhe frequengy of th.e note. For each
perceived without extensive training or does their perceptiorlf"r""‘L‘r""l'edge'pItCh stimulus, a shift efradians was added
require prolonged experience? To answer this question, w9 the phase of frequency components above the frequency
measured the degree to which melody recognition improve@f the note. For each binaural-coherence-edge-pitch stimu-
across blocks of trials. The experiment was conducted as pas. the amplitude and phase of frequency components above
of a practical class, hence allowing a relatively large groughe frequency of the note in one spectral buffer were gener-
(49) of inexperienced listeners to participate. ated independently of those in the other spectral buffer. Sub-
sequently the signal waveforms for the left and right chan-
nels were created by applying an inverse discrete Fourier
transform to the two spectral buffers. A 30-ms raised-cosine
A. Stimuli ramp was applied to the onset and offset of each note. The

The stimuli were created using MATLAB. Each stimu- melodies were recorded onto @®) for presentation to lis-
lus consisted of a melody defined by a train of 16 notes ofeners using Sennheiser HD-414 earphones. All the ear-
300-ms duration, with each note separated by a silence gfhones were driven in parallel from the same amplifier. The
100-ms duration. Ten melodies were used; they were theverall level of the stimuli was about 70 dB SPL at each ear.

IIl. METHOD
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ers showed patterns of errors indicating difficulty with spe-
cific melodies, these patterns were not consistent across
listeners. Overall, each of the melodies was about equal in

100

90

O Pure tone identifiability.
80 O Huggins pitch Three n_wajor outcomes can pe identified._ First, for all the
A BEP types of stimuli, the identification scores improved from
& V BICEP block 1 to block 2 and thereafter remained relatively stable.

A Wilcoxon matched-pairs signed-ranks t€Stegel and Cas-
tellan, 1988, calculated on the mean responses across the
© l | | [ four types of stimulus, showed that mean scores for blocks 1
1 2 3 4 and 2 differed significantlT=39, N=32; p<0.005 but
Block Number that scores for blocks 2 and 3 or for blocks 3 and 4 did not
differ significantly (T=184, N=34, p>0.05; andT=249,
FIG. 3. Mean percentage of correct identifications in each of the four blockq\l =32, p>=0.05 respectivew The initial improvement
of the test phase of the experiment for each type of pitch. The chance level ' ) I ’ ; ff We beli hat i
is 10%. “BEP” is used as an abbreviation for binaural-edge pitch andSl"g_geStS asma .praCtIC.e effect. We believe that it reDres_entS
“BICEP” is used as an abbreviation for binaural-coherence-edge pitch. ~an improvement in learning to attach names to the melodies,
because the effect occurs for the pure-tone stimuli also,

B. Procedure whose pitches were presumably clear and easily identified.

: . . Second, the identification scores were consistently high
The listeners were trained using a two-stage method}

60

Correct identifications (percent)

coa e b b b

ULELELAN BN B IR B B

Fi h ved traini helo them | h n the first block for the three types of dichotic pitch stimu-
Irst, they received training to help them leam the name of s r,q high performance was especially noteworthy for the

each melody. Each of the 10 melodies, played with the pureI'-|uggins—pitch stimuli and binaural-edge-pitch stimuli, for

':or!e_ stlrtnulrl], IWatf] preﬁentet(:] tW'_(t:eH Second,_ tth%y r_?ﬁe've%/hich 41 out of 44 subjects scored better than 60% on the
raining to nelp them hear the pitches associated with €acg o 1,1 of trials(chance corresponds to 1098 his result

type of stimulus. They heard each of the 10 melodies, preéupports the notion that the sensation of dichotic pitch is

tsr:e:;ed'tmlr?:b'gftrg::aeydede.w'l'fsht;?erlg:rl:jsf_'ﬁgﬁh Sttlrr:]tur::a relatively immediate and does not require prolonged experi-
Wi inau ge-pi Im, inafly wi ence. Furthermore, the pitch appears to be “musical,” in that

binaural-coherence-edge-pitch stimuli. Throughout all of the

. it readil rts mel r nition. It is of interest that
training the name of a melodwlso recorded on the Qlvas ead y supports epdy ecognition. 1 15 ot interest tha
. . the static interaural differences present in our stimuli were
announced before its presentation. . . . .
sufficient to support melody recognition. This contrasts with

The test phase of the experiment was divided into four

blocks. In each block, listeners heard each of the 40 possiblreecent results of Culling2000, obtained using stimuli simi-

combinations of melody and type of stimulus, presented in Ella}r fo those of Kubovyet al. (1974. The latter presented

random orderthe ordering was constrained so that neithere.Ight continuous sinusoids to each ear, via earphones. The

. sinusoids had frequencies corresponding to the notes in a
the same melody nor the same type of stimulus were pre-

sented in successive trialsThey were required to identify musical scale. Seven of the sinusoids were delayed by 1 ms

each melody immediately after its presentation and to Writeat one ear. The remaining sinusoid was delayed by 1 ms at

their identifications on a score sheet. Feedbok name of the other ear, with the result that this component had an ITD

the tung was provided after a delay of four seconds. Thethalt was shifted by 2 ms from the ITDs of the other compo-

listeners scored their own responses as the experiment prg_ents. The shifted component was heard to stand out percep-

ceeded, and the response sheets were later checked for acETE"yI' Ahseq(ljjence of |'||'|?j Sh_:f;f in dil;fedrent Compontlanttsl was
racy by the experimentefs. clearly heard as a melody. This melody was completely un-

.detectable when listening to the input to one ear alone.

Forty-nine undergraduate students enrolled at the Uni- . . o .
versity of Cambridge participated as listeners. The result ubovy et al. interpreted their results as indicating that dif-

reported below are based on the responses of 44 listeners, ggerlceg |n"relat|vg phase at the two ears can allow an audi-
responses were excluded for one listener who had a self%"Y “OPject”to be isolated in the absence of any other cues.

reported hearing loss and for four other listeners becausdoWever. Culling presented evidence that the transitions in
they performed perfectigthe exclusion of these four sets of interaural phase were the dominant cue allowing melody rec-

results does not affect the statistical analyses reported p@gnition. Static differences in interaural phase were found to
low). be a weak cue “that only a subset of listeners were able to

exploit” (Culling, 2000, p. 1768 Our results indicate that,

for noise stimuli, static differences in the interaural phase can
be used for melody recognition by the great majority of rela-

The mean scores across listeners are shown in Fig. 3ively untrained subjects.

The symbols indicate the identification scores for the pure- The third major outcome was that identification scores
tone stimuli (squarey Huggins-pitch stimuli (circles, differed across the four types of stimulus. The rank ordering
binaural-edge pitch stimuliupward-pointing trianglesand  (of highest scores to lowest scoregs: pure tones, Huggins

binaural-coherence-edge-pitch stimulilownward-pointing pitch, binaural-edge pitch, and binaural-coherence-edge
triangles. There was no consistent pattern in the identifica-pitch. This ordering was observed in each of the four blocks
tion scores for the different melodies. Although some listen-as well in the across-block mean. Furthermore, the ordering

IIl. RESULTS AND DISCUSSION
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TABLE Il. Results from a group of Wilcoxon matched-pair signed-rank tests applied to each pairwise com-
parison of the types of stimuli. In each test the valuélafias less than the critical value @frequired for a
significance level of 0.0088used as it is equal to the conventional significance level of 0.05 divided by 6,
which was the number of tegtghus each comparison shows a statistically significant effect. “BICEP” is used
as an abbreviation for “binaural coherence edge pitch.”

Type of stimulus

Type of stimulus Pure tone Huggins pitch Binaural-edge pitch BICEP
Pure tone —
Huggins pitch T=38,N=32 —
Binaural-edge pitch T=0,N=32 T=72,N=32 —
BICEP T=7,N=42 T=14,N=42 T=63,N=44 —

was the same or similar in the individual scores for eactthe same as those used in the experiment, with the modifica-
listener; almost every listener scored worst for the binauraltion that the transition frequency was fixed at 500 Hz. The
coherence-edge-pitch stimuli. Table Il reports the results of #&ft and right waveforms of the stimuli were passed through
set of Wilcoxon matched-pairs signed-ranks tests, whichmatched 41-channel gammatone filterbanks coded in
show that each of the six pairwise differences between th&ATLAB (Pattersoret al, 1995; Slaney, 1998with center
types of stimuli was statistically significant. frequencies ranging from two equivalent rectangular band-
This outcome suggests that all of the pitch sensationsvidths (“ERBs,” Glasberg and Moore, 199®elow 500 Hz
produced by the dichotic-pitch stimuli are less salient tharto 2 ERBs above 500 Hz and with filters spaced at 0.1-ERB
the pitch sensation produced by pure-tone stimuli. Furtherintervals. The output of each filter was then passed through a
more, of the three types of dichotic pitch, Huggins pitch ismodel of a high-spontaneous-rate fiber, with a threshold of
the most salient, binaural-edge pitch is intermediate, and5 dB, that computed the probability of firiflyleddiset al,
binaural-coherence-edge pitch is the weakest. This conclut990, Table Il. The equalization and cancellation processes
sion is further supported by the result that some of the liswere combined by subtracting the probability of fiber output
teners made errors in identification of the binaural-for a left channel from the probability of fiber output for the
coherence-edge-pitch stimuli but made no errors for theorresponding right channel, as a function of a time delay
other stimuli. These results are broadly consistent with thepplied to one channel. Of the set formed by the remainder-
analysis described in the Introduction based upon the modafter-cancellation at each of the time delays, the remainder
fied equalization-cancellation model and shown earlier invith the smallest mean value was measured. This process
Fig. 2. However, to make the analysis more rigorous, avas repeated for each frequency channel, so giving the re-
model of edge enhancement must be developed in order wovered spectrum of the residual activation as a function of
account for the existence of the binaural-coherence-edgieequency. The recovered spectra shown in Fig. 2 are means
pitch. This is done in the next section. across 25 independent bursts of each dichotic-pitch stimulus.
It should be noted that there is nothing in the following As may be seen, the mean recovered spectrum of the
model of edge enhancement that requires the use ofethe binaural-coherence-edge-pitch stim(dashed ling shows a
coveredspectrum generated by the modified equalizationsloping edge rather than a peak. Next, we describe a model
cancellation model. It could also be applied to the spectrunfor generating a peak in this spectrum. This model is effec-
of binaural activity, at a fixed internal time delay, generatedtively a computational implementation of a process of lateral
by the central-spectrum modé&t.g., Raatgever and Bilsen, inhibition applied to the recovered spectrum. lllustrations of
1986; Frijnset al, 1986, or it could also act an implemen- the operation of lateral inhibition, applied to a sloping edge
tation of the(nonmodified equalization-cancellation expla- like that seen in the recovered spectrum for binaural-
nation of binaural-coherence-edge pit¢fartmann and Mc- coherence-edge pitch, can be found in vork@sg (1959,
Millon, 2001). We expect that these models will give similar Fig. 8) and Small and Daniloff1967, Fig. 5. The model is
results, but may require different values of the free parametdrased on extracting the second derivative., the curvature
that determines the relative magnitudes of the spectrum anaf the recovered spectrum and inverting its sign. In the tran-
the edge enhancement. For simplicity, however, and also besition from a low-level flat portion of the recovered spectrum
cause the purpose of the present study was not to compate a rising edge, the curvature is positive, so the inverse is
experimentally the various models, we limit the analysis tonegative. In the transition from a rising edge to a high-level

the recovered spectrum. plateau, the curvature is negative, so the inverse is positive.
Thus, the inverse of the curvature has the appropriate prop-
IV. A MODEL OF EDGE ENHANCEMENT erties for simulating the effects of lateral inhibition.

. In detail, the first-order derivatives of the recovered
Figure 2 shows the recovered spectra for the three type§pectrum were calculated using

of dichotic pitches used in the experiment. The recovered

spectra were calculated as follows. First, bursts of each dr,

dichotic-pitch stimulus were synthesized, each of 300-ms du- 47 = Fz=Tlz-1, 1)
ration and 40-dB spectrum level. The parameters of the tran-

sition in interaural phase defining the dichotic pitches wereand then the second-order derivatives were calculated using
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One consequence of choosing a factor of 50 was that, inth . _ . _s d’r, e I
final edge-enhanced recovered spectrum, both the origine ¢ ¢ dz’ oune E
recovered spectrum, and the edge-enhancement function 0002 [ i =
[Eq. (3)] each contribute 50% of the value of the peak of 0o Eileo o N e 1,3
Huggins pitch, although the results are insensitive to the ex 350 400 450 500 550 600 650
act value of the constant. Filter center frequency (Hz)

Figure 4 shows the results of applying each step of this

“edge-enhancement” model to the recovered spectra of thg'GH"'- Tflﬁ results ffonc] each e of tha "Edge‘e”ﬁ]m?_me”t"_g‘?_de'- Panel
three dichotic-pitch stimuli considered here. In each panefy =reR . TECre B e o e eherence-edge-
the solid line represents Huggins pitch, the dotted line reprepitch stimulusidashed ling these are the same as those illustrated in Fig. 2.
sents binaural-edge-pitch, and the dashed line represerftsnel B shows the first-order differendeee Eq.(1)]. Panel C shows the
binaural-coherence-edge pitch. Panel A shows the same rid?smoothed second-order differendeee Eq.(2)]. Panel D shows the

. . . smoothed second-order differences; i.e., the edge-enhancement fiseton
covered spectra th_at were |Ilust_rated in Fig. 2. _Note _that thergq_ (3)]. Panel E illustrates the edge-enhanced recovered spegteen
are clear peaks in the functions for Huggins pitch andgq. (4)].
binaural-edge pitch but not for binaural-coherence-edge
pitch. Panel B shows the first-order differen¢sse Eq(1)]
and panel C shows the unsmoothed second-order differencest for binaural-coherence-edge pitch, a peak is present in
[see Eq(2)]. Note that, for both Huggins pitch and binaural- the edge-enhanced recovered spectrum that was not present
edge pitch, the peak in the recovered spectrum near 600 Ha the original recovered spectrum.
corresponds to a value for the first difference that is approxi-  There are two effects in panel E of Fig. 4 that are of
mately zero and to a value for the second difference that is mterest. First, the frequency location of the peak in the edge-
local minimum. Panel D shows the smoothed second-ordegnhanced recovered spectrum for binaural-coherence-edge
differences; i.e., the edge-enhancement funciisee Eq. pitch is at approximately 540 Hz. This frequency corre-
(3)]. Note that the smoothing process has removed the min@ponds to a shift of about 8% above the transition frequency
fluctuations that result from the randomness inherent to albf 500 Hz. Such a magnitude of shift is compatible with
noise stimuli. Last, panel E shows the edge-enhanced recotdartmann and McMillon'2001) measurements of the value
ered spectrurhsee Eq(4)]. Note that, for Huggins-pitch and of the perceived pitch for binaural-coherence-edge pitch.
binaural-edge pitch, the frequency locati@nd the relative Second, the magnitude of the peak in the edge-enhanced
heigh) of the peak in the recovered spectrum is preservediecovered spectra is greatest for Huggins pitch, marginally
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smaller for binaural-edge pitch, and distinctly smaller forZListeners were asked to write down their response to eachhefuzethe
binauraj-coherence-edge p|tch This Ordering of the peaK:OITECt answer was given, and then to mark the response as correct or

. . - jncorrect with a tick or a cross. The experimenter checked that they were
heights resembles the pattern of results in our experlmeng]oing this as the experiment proceeded. The response sheets were subse-

and is _ConSi_Stem With_ the assumption that the strength _thuently checked to ensure that the ticks and crosses correctly reflected the
these dichotic pitches is related to the height of the peak intune names that were written down. This was always the case.

the enhanced recovered spectrum. It should be noted, how-

ever, that this effect is partially determined by the value ofaxeroyd, M. A., and Summerfield, A. @1999. “A fully temporal account
the free parameter used in E@l); our choice of 50 was of the perception of dichotic pitches,” Br. J. Audi®3, 106—107.
chosen, in part, to obtain this ordering of the three dichoticCramer, E. M., and Huggins, W. H1958. “Creation of pitch through
pitCh stimuli blr)aural interaction,” J._Acoust. _Soc. A0, 4_13—41‘7._ _
’ Culling, J. F.(2000. “Auditory motion segregation: A limited analogy with
vision,” J. Exp. Psychol26, 1760-1769.
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