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Carlyon and Shackletdrd. Acoust. Soc. Am95, 3541-35541994)] presented an influential study
supporting the existence of two pitch mechanisms, one for complex tones containing resolved and
one for complex tones containing only unresolved components. The current experiments provide an
alternative explanation for their finding, namely the existence of across-frequency interference in
fundamental frequency~0) discrimination. Sensitivity ') was measured for FO discrimination
between two sequentially presented 400 ms comlasge} tones containing only unresolved
components. In experiment 1, the target was filtered between 1375 and 15 000 Hz, had a nominal FO
of 88 Hz, and was presented either alone or with an additional complex(tmerferer”). The
interferer was filtered between 125-625 Hz, and its FO varied between 88 and 114.4 Hz across
blocks. Sensitivity was significantly reduced in the presence of the interferer, and this effect
decreased as its FO was moved progressively further from that of the target. Experiment 2 showed
that increasing the level of a synchronously gated lowpass noise that spectrally overlapped with the
interfererreducedthis “pitch discrimination interferencéDI)”. In experiment 3A, the target was
filtered between 3900 and 5400 Hz and had an FO of either 88 or 250 Hz. It was presented either
alone or with an interferer, filtered between 1375 and 1875 Hz with an FO corresponding to the
nominal target FO. PDI was larger in the presence of the res@R&0lHz FQ than in the presence

of the unresolved88 Hz FQ interferer, presumably because the pitch of the former was more salient
than that of the latter. Experiments 4A and 4B showed that PDI was reduced but not eliminated
when the interferer was gated on 200 ms before and off 200 ms after the target, and that some PDI
was observed with a continuous interferer. The current findings provide an alternative interpretation
of a study supposedly providing strong evidence for the existence of two pitch mechanisms.
© 2004 Acoustical Society of AmericdDOI: 10.1121/1.1766021
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I. INTRODUCTION solved harmonics interact within auditory filters and, in the
case of consecutive harmonics, produce a modulation at a
Many of the periodic sounds that we encounter in everyrate equal to the fundamental frequeriEp). A wide body of
day life are broadband, and contain harmonics that diffeevidence has shown that although this cue can give rise to a
widely in the extent to which they are resolved by the pe-perception of pitcHBurns and Viemeister, 1976; Moore and
ripheral auditory system. A distinction that has informedRosen, 197§ it is the resolved harmonics that dominate the
much experiment and theory is that between the lower hampjtch of broadband sound&lomp, 1967; Ritsma, 1967;
monics, which are resolved by the peripheral auditory sysritsma, 1970; Mooreet al, 1985. Furthermore, difference
tem, and the higher harmonics, which are (RIbmp, 1964;  |imens for FO(FODLS) are also lower for resolved than for
Houtsma and Smurzynski, 1990; Fine and Moore, 1993inresolved harmonicéHoutsma and Smurzynski, 1990
Moore and Ohgushi, 1993; Shackleton and Carlyon, 1994 gary models, proposed to account for the pitch of com-
The transition from resolved to unresolved harmonics appjex tones, fall into two different classes. In the first, pitch is
pears to be around the 10th harmonic, but the exact l0CUgerived solely from the periodicity arising from the within-
seems to depend on the specific measarg., fundamental  .hannel interaction of multiple harmoni¢Schouten, 1940:
frequency discrimination thresholds or the ability to hear OUtSchouten, 1970 Such a mechanism would be effective for
indi.viduallcomponenbwsgd to determine this transitigfor deriving the pitch of complex tones containing only unre-
a discussion see Bernstein and Oxenham, 2003te unre- o) 04 componentéeferred to as “unresolved complexes”

hereafte). In the second class of models, pitch is derived by
dparts of this work were presented at the 145th meeting of the Acousticafi form of “pattern recognition” across resolved harmonics

Society of America, Nashville, Tennessee, 28 April-2 May 2003 ; . ; ;
Acoust. Soc. Am113 2290(2003]. (Goldstein, 1973; Terhardt, 19¥4This sort of mechanism
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complexes” hereaftgr A limitation of pattern recognition (MDI), (Yost and Sheft, 1989; Yot al, 1989. In contrast
models is that they have difficulty in accounting for the weakto MDI, which can occur when the interferer is lower in
but significant pitch percepts produced by unresolved harfrequency than the target, or vice versa, the “pitch discrimi-
monics(but see Houtsma and Smurzynski, 1290 nation interference’(PDI) would be expected to be asym-
In contrast, a modern class of models, based looselynetric; more interference would be expected from a resolved
around the concept of autocorrelation, can produce a pitchomplex than from an unresolved complex when judging the
estimate both from resolved and from unresolved harmonicpitch of an unresolved complex in a well separated spectral
(Slaney and Lyon, 1990; Meddis and Hewitt, 1991; Pattersomegion. This direction of asymmetry would be expected be-
et al, 1992. Leaving aside, for the momeitbut see Sec. cause subjects would try tignore the simultaneous inter-
V1), the question of whether the particular implementationderer, as it carries no information for the task at hand. The
of such a unitary model can account for all the findings in thecontribution of a resolved interferer to the perceived pitch
pitch area, there is a more basic problem. This is the questiowould be harder to ignore than that of an unresolved inter-
of whether it isnecessaryto assume two separate mecha-ferer, as the former evokes a more salient pitste earlier
nisms for extracting the pitch or whether one common An asymmetric across-frequency interference effect
mechanism wouldn principle be sufficient(Licklider, 1951;  somewhat similar to the one expected here, has been found
Meddis and Hewitt, 1991; Pattersast al, 1992; Moore, for the discrimination of interaural time differences. Low-
2003. This issue has been discussed repeatédhyutsma  frequency interferers strongly impair the lateralization of
and Smurzynski, 1990; Carlyon and Shackleton, 1994; Medhigh-frequency targets, while high-frequency interferers have

dis and O’Mard, 1997; Carlyon, 1998; Grimaetltal, 20029 little or no effect on the lateralization of low-frequency tar-
and here we present findings which are relevant for thigets(McFadden and Pasanen, 1976; Bernstein and Trahiotis,
topic. 2001; for a short summary, see Moore, 2D03

If there exists only one common pitch mechanism, then ~ The experiments presented here show that such PDI
one would expect two complex tones with similar fundamen-does indeed exist, and reveal some of the characteristics of
tal frequencieiFos which are presented Simu|tane0us|y_ PDI. Later on we will discuss data by Carlyon and Shackle-
one resolved and one unresolved—to be processed togeth& (1994, which have been interpreted as evidence for the
in the same way. The Output of the Sing'e mechanism’ th@XiStence of two Separate p|tCh meChanisms, one for CompleX
pitch estimate, would be expected to be dominated by whichtones containing resolved and one for complex tones con-
ever input gives the strongest output. Two pitches might béaining only unresolved components. We will argue that the
heard in the presence of strong segregation cues for the twiirrent findings provide an alternative explanation for their
tones, for example, an onset asynchrony. Two pitches migﬁpsults, and therefore question their evidence for the exis-
also be heard if the FOs of the two tones differ sufficiently.tence of two pitch mechanisms, which strongly influenced
On the other hand, in the absence of strong segregation cufigther research.
and large FO differences, the single pitch perceived probably
would 'be determi.ned to a large extgnt by those compongnﬁ EXPERIMENT 1: THE INTERFERENCE EFFECT
of the input that give the strongest pitch. Complex tones withanp TS TUNING IN FO
resolved harmonics usually give a more salient pitch than o
complexes containing only unresolved harmor(wse, e.g., A Stmuli
Moore and Glasberg, 1986pitch salience has been deter- Listeners had to discriminate between the FOs of two
mined by comparing subjects’ ability to identify simple sequentially presented complex torféf® targetswhich had
melodies or to identify musical intervals for high-pass fil- a nominal FO of 88 Hz. Each target was bandpass filtered
tered complex tones with various cutoff frequendig®ore  between 1375 and 15000 H3 dB down points with a
and Rosen, 1979; Houtsma and Smurzynski, 1980d by  slope of 48 dB per octave; thus it contained a large number
comparing thresholds for FO discriminatighloekstra and of only unresolved component&arlyon and Shackleton,
Ritsma, 1977; Moore and Glasberg, 1988; Houtsma and994; Shackleton and Carlyon, 199Zhe pitch salience of
Smurzynski, 1990; Moore and Glasberg, 1990; Moore anduch a wide-band unresolved complex would be increased
Peters, 1992; Shackleton and Carlyon, 1)9%rthermore, relative to a narrow-band version, but it would nevertheless
the dominance region for pitch is concentrated around lowebe considerably weaker than for a resolved comgkeaern-
harmonic numbergPlomp, 1967; Ritsma, 1967; Ritsma, bach and Bering, 2001 The target was either presented
1970; Mooreet al,, 1985; Dai, 200D Therefore, one might alone(condition “None”), or it was accompanied by another
expect the pitch of two simultaneously presented complexomplex tongthe interferey. The interferer had an FO of 88
tones—one resolved and the other unresolved—to be domHz or higher, and was bandpass filtered between 125 and 625
nated by the resolved complex. As a consequence, perfoHz (3 dB down pointswith a slope of 48 dB per octave; thus
mance in a task requiring judgement of the pitch of the un4t contained resolved components only. Note that, as the tar-
resolved complex tone might be strongly impaired by theget and the interferer were filtered into well-separated fre-
presence of a fixed-pitch resolved complex tone, even wheguency regions, one would not expect them to interact in the
presented in a different spectral region. In other words, onauditory periphery; therefore any effect must be more cen-
might see an interference in the pitch domain which is remitral. When present, the interferer was gated synchronously
niscent of that seen in the modulation domain, i.e., modulawith the target, and its FO relative to the nominal target FO
tion detection and modulation discrimination interferencewas unchanged for a block of trials. The independent vari-
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FIG. 1. Schematic spectrograms of stimuli presented over the course of one .
2AFC trial in experiment 1. FIG. 2. The mean performance, and the associated standard @tooss

subject$ obtained in experiment 1. The circle indicat¥sin the absence of
. . . an interferer. The solid line indicates plotted as a function of the ratio
able of the first experiment was the amount by which the FGetween the FO of the interferer and the nominal target FO.

of the interferer was above that of the nominal target FO;

possible values were: 0%, 2%, 4%, 6%, 10%, 14%, 20%, OB pProcedure

30%. The FO difference between the low-FO and the high-FO . . )
targets(AF0) was fixed for each subject; it was determined in A two-interval two-alternative forced choice task was

such a way that performance was below 100% correct in theS€d to measure percent correct for the fixed valueSFaf.
easiest condition and was above 50% correct in the mostN€ subjects were required to indicate the interval containing
difficult condition. The following values foAFO were em- the target with the higher FO. The interferer was presented in

ployed: 7.1% for one subject, 3.5% for four subjects, and sopoth intervals in each trial. Its FO was identical in both inter-
for the sixth subject. ’ ' vals and fixed at a certain percentage above the nominal

The FO of the digitally generated stimutiee laterwas ~ ar9et FO throughout a block of 100 trials. The silent interval

randomly varied over the range10% between trials by between presentations of the two stimulus intervals in a trial
varying the sample rat@lso producing a slight variation in Was fixed at 500 ms in all conditionsee Fig. 1. Each
duration and in the filter cutoffsThis FO randomization dis- Nteérval was marked by a light and visual feedback was pro-
couraged subjects from basing their decision on a long-ternfided following each response. _

memory representation of the sound, and encouraged them to "€ total duration of a single session was about 2 h,
compare the pitch of the two targets presented in each trialcluding rest times. At least foumostly five blocks of 100

For both target and interferer, the level per component wali&!S were run for each condition and subject. The order of
45 dB SPL, and components were always summed in sinthe conditions was counterbalanced within and across sub-
phase. The nominal stimulus duration was 400 ms, includindEcts: One block was run for each condition in turn, before
5 ms raised-cosine onset and offset ramps. In order to maddditional blocks were run in any other condition. To famil-
possible distortion products, a continuous white backgroundf'iZ€ subjects with the procedure and equipment, they par-
noise, lowpass filtered at the lower cutoff frequency of theticipated in at least three sessions, more if practice effects
target (nominally at 1375 Hg with a slope of 96 dB per within conditions were seen, before data collection proper
octave, was presented. The overall root-mean-sq(rarg ~ \Vas started.

level of the noise in the region from 125 to 625 Hz, the

nominal frequency band covered by the interferer, was 10 di&. Subjects

below that of the interferer. Schematic spectrograms of the |, this and all following experiments, subjects ranged in

stimuli are shown in Fig. 1. _age from 19 to 41 years, and their quiet thresholds at octave

~_The complex tones were generated and bandpass filtergflencies between 250 and 8000 Hz were within 15 dB of
digitally. They were played out using a 16-bit digital-to- ¢ 1969 ANSI standard. In all experiments, one of the sub-
analog converte(CED 1401 plus with a sampling rate jocts was the first author. In experiment 1, six subjects par-

which was varied between trials over the range 40 kHZjginated in all nine conditions. Four of the six subjects had

+10%. This led to a variation of FO and to a concomitantcqngigerable musical experience, and these were the ones
proportional change in the bandpass region of the tonesyii the lower values oAFO.

Stimuli were passed through an antialiasing filt&lemo
21C30 with a cutoff frequency of 17.2 kHzslope of 96
dB/oct), and presented monaurally, using Sennheiser HD25
headphones. Subjects were seated individually in an IAC  Figure 2 shows the results averaged over all subjects and
double-walled sound attenuating booth. the corresponding standard errors. Performance in terms of

6). Results and discussion
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d’ is plotted as a function of the ratio between the FO of theperiment 1, increasing the noise level would lead to a de-
interferer and the nominal FO of the target. Performance wasrease in the tonality of the added sound, i.e., to a decrease in
best, with ad’ value of about 1.96, in the absence of anpitch strength and/or loudness of the tonal component of the
interferer (leftmost symbol, None Performance was worst, added sound, due to the decrease of the tone-to-noise ratio in
at ad’ value of about 0.94, when the interferer's FO was atthe spectral region containing the complex tone.
the nominal target FQratio of ong. With increasing differ- A. Stimuli and procedure
ence between the interferer’s FO and the nominal target FO
performance recovered slowly. When the FO of the interferer ~ The basic stimuli and procedure were the same as in
was 30% above the nominal target FO, performance wagxperiment 1, with the following exceptions. The level of the
nearly, but not quite, back to that observed without any indowpass white noise was either the same as in experiment 1,
terferer(ad’ value of 1.76. i.e., 10 dB below that of the complex tone interferer in the
To determine the statistical significance of the results, drequency band covered by the tof@ndition —10 dB), or
repeated-measures one-way ANOW#th nine levels for the it was 10 dB above that of the complex tone interferer in the
factor condition was calculated, using the medhvalue for ~ frequency band covered by the tof@®ndition+10 dB). For
each subject and condition as input. This showed a highlyhe latter, the tone-to-noise ratio was around threshold. The
significant main effect of condition F(8,40)=21.6, p noise was gated synchronously with the tones. In order to
<0.001]! Calculation of simple contrasts showed that all produce synchronously gated noise, we used digitally gener-
conditions with an interferer differed significantly from con- ated 400 ms bursts of white noise which were lowpass fil-
dition None. For the eight parameter values the followiing tered digitally. Twenty different versions of noise bursts were
values and significance levels were obtained. @®1,5) pregenerated and stored on disk. One out of these 20 realiza-
=27.7, p=0.003; 2%: F(1,5)=34.1, p=0.002; 4%: tions of noise was chosen at random for each presentation in
F(1,5)=36.4,p=0.002; 6%:F(1,5)=29.4,p=0.003; 10%: order to avoid masking effects that are specific to a particular
F(1,5)=22.2, p=0.005; 14%: F(1,5)=23.1, p=0.005; “frozen” noise sample(Hanna and Robinson, 1985The
20%: F(1,5)=20.2, p=0.006; 30%: F(1,5)=13.6, p  Vvalues forAFO were 7.1% and 3.5% for all subjects.
=0.014. Five blocks of 100 trials each were run for each condi-
In summary, FO discrimination between two targets contion and subject. The order of the conditions was counterbal-
taining only unresolved components was clearly impaired iranced within and across subjects. One block was run for each
the presence of a tone complex with resolved componentsondition in turn, before additional blocks were run in any
and an FO similar to the nominal target FO. Importantly, thisother condition. Subjects participated in at least one practice
was true even though the target and interferer were filteredession before data collection proper was started.
into well-separated spectral regions. Thus, peripheral interac-  Five subjects participated in all four conditions; three of
tions were unlikely to be responsible for this effect. The in-them had considerable musical experience. Three of the five
terference effect showed tuning between the FOs of targetubjects were the same as in experiment 1, two of whom
and interferer, which again suggests that the effect does ngarticipated in experiment 2 before they ran in experiment 1.
have a peripheral origin. Subjectively, the increase in FO dif-
ference between target and interferer led to increased perceB- Results and discussion

tual segregation of the two sounds. For interferers with an FO Figure 3 shows the mean results and the corresponding

within 10% of the nominal target FO, perceptual Segregationstandard errors. The left and the right pairs of columns show
was reported to be either absent or weak. When the interfers, values for FO discrimination witAFO equal to 3.5% and

! 0, 0,
er's FO was 20% or_30;> sboveﬂt}h?t of the tarﬁgt, twp sou?. .1%, respectively. The white and black columns are for
sources were perceived. Neverineless, a small Imparment {ilyicq jevels of-10 and+10 dB, respectively, re the level of

FO discrimination was still observed. the complex tone interferer in the band covered by the tone.
As expected, overall performance was higher whenAR8
was 7.1% than when it was 3.5%. More importantly, in both
cases performandenprovedwhen the level of the lowpass
The first experiment showed that the interference effechoise was increased by 20 dB. These results were confirmed
depended on the similarity between the interferer's FO andby the outcome of a repeated-measures two-way ANOVA
the nominal FO of the target. The second experiment profwith factors AFO and level of noise The main effects of
vided a further test of whether the interference effect deAFO0 [F(1,4)=70.1, p<0.01] and level of noisd F(1,4)
pends on the pitch characteristics of the added sound, ot 26.9,p<<0.01] were highly significant, while the interac-
simply the presence of energy in the dominance region ofion between the two was not significant.
pitch of the FO of the target. The lowpass-filtered white In summary, FO discrimination performance in the pres-
noise—presented continuously in the first experiment—wagnce of a complex tone interferer filtered into a spectrally
now gated synchronously with the complex tone interfereremote region was improved by increasing the level of a
and the target, in order to avoid them being segregated due towpass noise which spectrally overlapped with and was
onset asynchrony. Thus, the added sound now consisted ofgated synchronously with the interferer. This is one of the
tonal and a noise component, and the level of the noise comrare occasions where more noise helpé&arren, 1970; Car-
ponent was varied. Because the lowpass noise spectrallyon, 1987; Plack and Viemeister, 1992; Plack and White,
overlapped with the complex tone used as interferer in ex2000a; Carlyoret al, 2002a. More noise probably helped,

IIl. EXPERIMENT 2: EFFECT OF LEVEL OF
SYNCHRONOUSLY GATED LOWPASS NOISE
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2.0 interferer, as this would feed into the same pitch mechanism

18k -10 dB J for unresolved components as the target. If twapindepen-
g +10 dB dent pitch mechanisms exist, then interference would be ex-
L& b pected with both, resolved and unresolved interferers.
1.4} 4 In the latter case, the relative amount of interference
observed in the presence of a resolved or an unresolved in-
ter ] terferer might depend on when the interference occurs. If the
© 10F - inteference across mechanisms occurs relatively early, then
08k ] one might expect the unresolved interferer to be more dis-

ruptive than the resolved interferer. The reasoning for this is
06} . as follows. First, only an unresolved complex would feed

04k ] directly into the putative pitch mechanism specific for unre-
solved components. Second, the unresolved interferer will
0.2 . produce a higher degree of envelope modulation at the out-
0.0 puts of the excited auditory filters than a resolved one. As the
3.5 7.1 pitch of the unresolved target complex will partly or mainly

AFO bet target t % . . )
etween farget fones (%) be derived from envelope cues, one might expect more inter-

FIG. 3. The mean performance, and the associated standard @eooss ~ ference from an added complex with a strongly modulated

subject} obtained in experiment 21" for FO discrimination is plotted as a internal envelope than from one with less modulation, i.e., an

function of AFO0 (3.5% and 7.:_L%between the two target tones. '!'he white interference that is related to MDWithin the putative spe-

and black columns are for noise levels-e10 and+10 dB, respectively, re i . . .

the level of the interferer in the band covered by the interferer. cific pitth mechanism for unresolved complexes might be
present. If the interference across mechanisms occurs at a

. . : late stage, i.e., after the pitch within each mechanisms has
because it reduced the perceived tonality of the added soun . . . .
: . een estimated, then one might expect more interference in
i.e., the pitch strength and/or loudness of the tonal compo;

B : - “the presence of a resolved than an unresolved interferer, due
nent of the added sound. This finding provides convergiNg,, the more salient pitch evoked by the former. Experiments
evidence that the interference effect does not primarily de: : P y e =P

. . .~3A and 3B investigated these possibilities.
pend on the amount of energy present in the dominant region
for pitch for the FO used, and rules out an origin for the
interference effect at a very peripheral stage of processingh. Experiment 3A
Together with the findings from experiment 1, it suggests
interference at the level of pitch processing itself. 1. Stimuli and procedure

The basic task and procedure were the same as in the
first experiment. The stimuli differed in the following way:
Listeners had to discriminate between the FOs of two sequen-

The first two experiments showed that the tonality of thetially presented target tones which had a nominal FO of either
added sound and the similarity between the FOs of the targ&@8 or 250 Hz. Each target was bandpass filtered between
and interferer played a crucial role in PDI. In an attempt t03900 and 5400 HZ3 dB down points, a slope of 48 dB/ort
further clarify the characteristics of the interference processhus, for both FOs it contained only unresolved components
the next two experiments explored the role of two other as{Plomp, 1964; Carlyon and Shackleton, 199%he target
pects of a complex tone interferer, its resolvability and itswas either presented alone, or it was accompanied by an
degree of envelope modulation. interferer with an FO which was identical to that of the nomi-

Resolved components are dominant in determining thaal target FO. The interferer was bandpass filtered between
pitch of a complex tone(Plomp, 1967; Ritsma, 1967; 1375 and 1875 HZ3 dB down points, slope of 48 dB/gct
Ritsma, 1970; Mooret al,, 1985, and the pitch produced by For the 88 Hz FO this meant that the interferer's components
complex tones containing resolved components is more savere unresolved, while for the 250 Hz FO they were re-
lient than that produced by complexes containing only unresolved. As in the previous experiments, the level per compo-
solved componentdHoutsma and Smurzynski, 1990; Shack- nent was 45 dB SPL for both target and interferer. For all
leton and Carlyon, 1994As mentioned in the Introduction, subjectsAFO was equal to 3.5%.
if there exists only one common pitch mechanism, then one  To mask possible distortion products, a continuous pink
might expect the pitch estimate to be dominated by whatevebackground noise was presented with a spectrum level of 15
components of the input give the strongest pitch. ThereforegB SPL at 1 kHz; this level was comparable to that of the
one would predict more interference on FO discriminationlowpass-filtered white noise background used in experiment
between two unresolved target tones by a resolved interferdlr. Five blocks of 100 trials each were run for each condition
than by an unresolved one. In contrast, if there exist twaand subject. The order of the conditions was counterbalanced
different independenpitch mechanisms whose outputs canwithin and across subjects. One block was run for each con-
be assessed independently, then one would not expect to seiion in turn, before additional blocks were run in any other
any PDI in the presence of a resolved interferer. Howevergondition. Subjects participated in at least one session, be-
PDI would be expected in the presence of an unresolvetbre data collection proper was started.

IV. EXPERIMENT 3: PITCH SALIENCE VERSUS
ENVELOPE MODULATION OF THE INTERFERER
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20 B. Experiment 3B

1.8 None 7
Interferer

1.6 .

1.4 ‘ - 1. Stimuli and procedure

12 ] The basic task and procedure were the same as in ex-
> 1.0} Unresolved Resolved . periment 3A. However, the stiml_JIi differeq. The_characteris-

0sl i tics of the interferer were manipulated in a different way

from experiment 3A so that the pitch and the spectral region
06} - of the interferer stayed constant, even though the resolvabil-
ity of the harmonics and the pitch strength were varied.

04 .
The nominal FO of the target was 88 Hz and it was

02 1 bandpass filtered between 1500 and 15 000(3#dB down

0.0 points, a slope of 48 dB/oktthus, it contained many com-

88 , 230 ponents, all of which were unresolved. The target was either
FO of target and interferer (Hz) . . .
presented alone, or it was accompanied by an interferer,
FIG. 4. The mean performance, and the associated standard @tooss ~ Which was bandpass filtered between 250 and 75038
subject$ obtained in experiment 3Al" for FO discrimination is plotted asa down points, slope of 48 dB/octThe interferer either had an

function of condition. The left two columns are for targets with a nominal - . . .
FO of 88 Hz, and the right two columns are for targets with a nominal FO ofF,0 of 88 Hz, in which case its components were added in

250 Hz. The white and black columns show performance in the absence ar®in€ phasécondition 88-Sing or it had an FO of 44 Hz with
in the presence of an interferer with FO corresponding to the nominal targetomponents added in alternating phésendition 44-Aly. In

FO, respectively. condition 88-Sine, the interferer's components were re-

solved, while they were expected to be unresolved in condi-
Seven subjects participated in all four conditions. Fivetion 44-Alt (Moore, 1993; Moore and Ohgushi, 1998 the

of them had considerable musical experience. Five of théatter, the pitch of the interferer approximately corresponded

seven subjects had also taken part in experiment 1, and five that of the 88 Hz FO sine-phase compl@tanagan and

had also participated in experiment 2. Guttman, 1960; Shackleton and Carlyon, 1p9ote, how-
ever, that the pitch of the alternating-phase complex was less
salient than that of the sine-phase complex, while its degree

2. Results and discussion of envelope modulation at the output of the auditory filters

Figure 4 shows the mean results and the correspondingas greater. The latter follows from the fact that resolved
standard errors across subjects. The left two columns are féomponents produce hardly any envelope modulation at the
targets with a nominal FO of 88 Hz, and the right two col- output of auditory filters centered on the frequency of the
umns are for targets with a nominal FO of 250 Hz. The whiteresolved components, while auditory filters centered at the
and black columns shod’ in the absence and in the pres- frequency of unresolved components show an envelope
ence of an interferer, respectively. The results show that addnodulation with a modulation rate corresponding to the rep-
ing an interferer with an FO which is identical to the nominal &tition rate of the original wavefornisee, e.g., Fig. 6.6 in
FO of the target always impaired performance. The importaniMoore, 2003. For the 88 Hz FO interferer, the level per
finding here is that performance was impaired more when theomponent was 45 dB SP{as in the experiments before
interferer was resolved than when it was unresolved. Theswhile for the 44 Hz FO interferer the level per component
results were confirmed by the outcome of a repeatedwas reduced to produce the same rms level for the two in-
measures two-way ANOVAwith factors FO and interfergr  terferers.
which showed that the main effect of the presence of the For all subjectsAFO was equal to 3.5%. As in experi-
interferer[ F(1,6)=63.2, p<<0.001] and the interaction be- ment 1, a continuous white background noise was presented
tween FO and presence of the interfe[&1(1,6)=23.2,p  with an overall rms level that—in the frequency region of the
=0.003] were both highly significant; the effect of the pres-interferer—was 10 dB below that of the interferer. It was
ence of the interferer was significant for the 88 Hz FOlowpass filtered at the lower cutoff frequency of the target
[F(1,6)=9.6, p=0.021] and highly significant for the 250 (nominally 1500 Hz with a slope of 96 dB per octave. Be-
Hz FO[F(1,6)=61.7,p<0.001]. There was no main effect tween four and five blocks with 100 trials each were run for
of FO. each condition and subject. The order of the conditions was

In summary, performance was impaired most in thecounterbalanced within and across subjects. One block was
presence of the interferer which contained resolved compaun for each condition in turn, before additional blocks were
nents, i.e., dominant components with regard to pitch. Thigun in any other condition. Subjects participated in at least
interferer had the more salient pitch, but a smaller degree adne session, before data collection proper was started.
envelope modulation than the unresolved interferer. These Seven subjects participated in all three conditions. Four
results are not consistent with predictions based on the corof them had considerable musical experience. All subjects
cept of two seperate pitch mechanisms, whose outputs can beok part in at least one of the earlier experiments before
assessed independently. participating in this one.
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2.2 tence of two pitch mechanisms whose outputs cannot be con-

5 4 sciously assessed independently but instead are combined al
20 T | d independently but instead bined at
a later stage. In the latter case, the outputs of the two pitch
1.8} . . .
mechanisms would have to be combined alager stage
1.6F s

(after the individual pitch estimates have been denyéd
order to explain that PDI is larger for a resolved interferer
than for an unresolved interferer; the estimated pitch from

1.4

1.2} . . )

o I the pitch mechanisms for resolved components would be
1oF ] more salient than the estimated pitch from the mechanism for
0.8 T - unresolved components, and thus could dominate the con-
06k i sciously perceived pitch.

0.41 7 V. EXPERIMENT 4: EFFECT OF ONSET ASYNCHRONY
02} 4 OF INTERFERER
0.0 - In all the experiments described so far, the interferer and
None 88-Sine 44-Alt .
Interferer the target were gated synchronously. This would have pro-

G . . i ated standard @ moted perceptual grouping of the two. The last two experi-
FIG. 5. The mean performance, and the associated standar 0USS : ; ; ;
subject$ obtained in experiment 3Rl’ for FO discrimination of a nominal ments mvestlgated the role of perceptual grouping in PDI.

88 Hz target, bandpass-filtered into a frequency region between 1500 an@nset as_ynChrony is one of the strongest cues for perceptual
15 000 Hz, is plotted for each type of synchronously gated interfesnd- ~ SegregatioriDarwin and Carlyon, 1995; Gockel, 2000-or

pass filtered between 250 and 750)Hz example, Darwin and Cioccél 992 showed that the influ-
ence of a mistuned fourth component on overall pitch of a
complex tone was eliminated once the onset asynchrony be-
tween the mistuned component and the remaining harmonic
Figure 5 shows the mean results and the correspondingomplex was increased to 320 ms. As the remaining complex
standard errors across subjects. As was expected, both int@entained harmonics 1-12, this shows thdthin one pitch
ferers reduced performance relative to that without an intermechanism the contribution of part of the sound on the over-
ferer [88-Sine: F(1,6)=48.6, p<<0.001; 44-Alt: F(1,6) all pitch can be reduced in the presence of a strong cue for
=21.0,p<0.01]. However, the question of interest here wasperceptual segregation. Therefore, for the present experi-
whether condition 88-Sine would lead to worse performancenents it was expected that introducing an onset asynchrony
than condition 44-Alt. Importantly, performance was signifi- between interferer and target would reduce or even eliminate
cantly worse in condition 88-Sine than in condition 44-Alt. the interference effect.
This was confirmed by the outcome of a repeated-measur
one-way ANOVA[ F(1,6)=6.93,p<0.05] in which onlyd’ o
values from conditions 88-Sine and 44-Alt were used, inl- Stimuli and procedure
order to avoid getting a significant effect because of the dif-  The basic task and procedure were the same as in the
ference between performance in the absence and in the prdist experiment. Five conditions were tested. The first con-
ence of an interferer. Even though the size of the effect wasdlition (None), was a replication of condition None in experi-
small (the average difference betwedh values in the two ment 1; the unresolved target with a nominal FO of 88 Hz,
interferer conditions was 0.250nly one out of seven sub- bandpass filtered between 1375 and 15000 Hz was presented
jects showed a small differencthe smallest absolute differ- together with a low-level continous lowpass-filtered white
ence of all subjects with a value of 0)0#h the opposite noise background. The second conditi@®N—10), repli-
direction. In summary, performance was impaired most incated the condition named “0” of the first experiment. It
the presence of the interferer which contained resolved condiffered from condition None only through the presence of a
ponents and had the more salient pitch. The higher degree sfynchronously gated resolved interferer with an FO of 88 Hz
envelope modulation for the alternating-phase interferer didbandpass filtered between 125 and 625.Hhe third con-
not produce more impairment than that observed for the indition (Asylnt) was new; while the target had the same 400
terferer whose envelope was less modulated. Thus, the finadas duration as before, the interferer started 200 ms before
ings from experiment 3B are in agreement with those fromand stopped 200 ms after the target. Since the silent time
experiment 3A. between the two intervals within a trial was kept constant at
Overall, the findings from experiments 3A and 3B indi- 500 ms, this meant that the targets were now separated in
cate that the PDI observed with an unresolved target dependisne by 900 ms. To check whether the increased time be-
more on the pitch strength of the interferer than on the prestween the two target stimuli might affect performance, a
ence of unresolved components, which produce a higher déeurth condition (Longlsi) was run in which no interferer
gree of envelope modulation in the auditory periphery. Thesevas presented and where the targets were separated by 900
findings are not compatible with the existence of two inde-ms. Finally, the fifth conditiofCN+10) was similar to con-
pendent pitch mechanisms whose outputs can be assesatition CN—10, except that the level of the continuous low-
independently. The current findings are consistent with eithepass filtered noise was increased by 20 dB. This condition
interaction in one common pitch mechanism, or, the exiswas included to check whether the lowpass noise could re-

2. Results and discussion

= Experiment 4A: Asynchronous interferer
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2.2 absence of an interferer. Note that one would not necessarily
o0k - expect to see the same restoration effect witsyachro-
sk ] nouslygated lowpass noise of the same level. Remember that
) the results of experiment 2 showed improved performance
161 7 with increased level of a synchronously gated lowpass noise.
1.4k - Performance in condition-10 dB for AFO of 3.5% in ex-
12k ] periment 2 was lower than that observed here with continous
° presentation of the same lowpass ndisendition None was
1LoF 7 not measured in experiment. Zhus, it seems that gating the
0.8 . noise synchronously with the target might impair perfor-
06k i mance. However, the subjects were not all the same in ex-
periment 2 and experiment 4A, and the subjects in common
0.4F T participated in experiment 4A after they ran in experiment 2.
0.2f - Therefore, this conclusion has to be treated with some cau-
0.0 tion.
None  CN-10 cg:gilpiln Longlsi  CN+10 To examine the statistical significance of the results, a

repeated-measures one-way ANOW#ith five levels for the
FIG. 6. The mean performance, and the associated standard @cooss ~ factor condition was calculated, using the medhvalue for
Z;bﬁ‘?‘? Obtftii”;d :j” eXPi_rlitmer:jf f‘”td' foff FO diSCfimi”?ﬁOT)Otfa“O“IiS”&') each subject and condition as input. This showed a highly
T B e T e 00 beeen 150 arflgnificant main effect of conditor{ F(4,20)=30.3, p.
conditions. <0.001]. Calculation of simple contrasts, with condition
None as the reference condition, showed that only condition
—10 [F(1,5)=67.2, p<0.001] and condition Asyint
(1,5)=14.4, p=0.01] differed significantly from condi-
on None. Performance in condition AsyInt was significantly
etter than that observed in condition €M0 (p=0.01).

To summarize, asynchronous gating of the interferer and
target reduced PDI relative to that caused by a synchronously
gated interferer. Under the assumption that one single pitch
mechanism exists, this would mean that perceptual segrega-
tion due to the 200 ms onset and offset asynchrony took
place before the pitch estimate was derived and thus was able

Six subjects participated in all five conditions. Five of to influence the output of the pitch mechanism, at least to a

the six subjects had considerable musical experience, acf;g’gn rdeg:;aed ?hs tmenrtlon?d Iearllerr, Dzrvxlndandt Clor(]:cat
five subjects took part in at least two of the previous experi- eported that perceptual segregation due 1o onse
ments. Subjects participated in at least one practice sessi ynchrony eliminated the contribution of a single mistuned

(three for the fresh subjectbefore data collection proper armonic to th_e overall pitch of a complex tone. As the mis-
was started. tuned harmonic was a low resolved harmonic and the har-

monic complex contained resolved harmonics this gave evi-

dence for the influence of perceptual segregation affecting
2. Results and discussion the pitch of stimuli that would be processefthin one pitch
echanism, i.e., either within the mechanism for the pitch of
solved components or within the common pitch mecha-
nism. Hence, onset asynchrony can reduce across-frequency
observed in the absence of an interfeffidone. This reduc- integratiqn (_)f info_rmation, even Whe?‘ that in_tegration clearly

occurs within a single pitch mechanism. This means that the

tion was very similar to that observed in experiment 1 for 2
identical stimuli. When the interferer was gated asynchro-ObserVed reduction in PDI due to onset asynchrony cannot be

nously with the targetcondition Asylnj, performance im- used as an argument in favor of two pitch mechanisms.

proved relative to that observed for synchronous gatiog- h In the present ef?pe.rlme.nt, t:e -|mpcr)]sedb200 n;SPaDslyn—
dition CN—10). However, performance in condition AsylInt chrony was not as effective in reducing the observe as

was lower than in condition None. Performance in conditionthe continous higher-level lowpass noise. Therefore, we in-

Longlsi was similar to that in condition None. This mean.’svesug"’Ited in eXPe”me”F 48 whether .PDI could be elimi-
that the increased time between the two target stimuli withirf'ated by presenting the interferer continuously.

a trial was not the reason for the impairment observed i
condition AsylInt. Finally, performance in condition GNLO
was similar to that observed in condition None. This shows!: Stimuli and procedure

that a continous lowpass noise which spectrally overlaps The task and procedure were the same as in experiment
with the interferer, and which is intense enough to nearly4A. Three conditions were tested. The first two conditions,
mask it, can bring performance back to that observed in th&lone and Syn.l. were replications of conditions None and

store performance back to that observed in the absence of
interferer, when presented at a high level so that it would.
nearly mask the interferer; and presented continuously, s
that it would very likely be segregated from the target.

For five subjectsAFO was 3.5% and for the sixth it was
2%. Four to five blocks of 100 trials were run for each con-
dition and subject. The order of the conditions was counter
balanced over subjects. One block was run for each cond
tion in turn, before additional blocks were run in any other
condition.

Figure 6 shows the mean results and the correspondir;%
standard errors across subjects. Performance in conditi
CN—10 was reduced by about @9 units compared to that

s, Experiment 4B: Continuous interferer
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CN-—10 in experiment 4A, respectively. The only difference 2.2
from the corresponding conditions in experiment 4A was the 54
absence of random variation of sample rate across trials ir

the present experimelisee latex. In the third condition, the L8r i
88 Hz FO interferer was presented continuou&gndition 16 T 7
Cont.l); this was the only difference with respect to condi- 1.4+ T -
tion Syn.l. To produce a continuous interferer, the harmonic | | ]

complex was generated and filtered in advance, and was thev

recorded on audio CD. During the experiment, it was played 1.0

from audio CD and fed into a separate attenuator, whose 0.8

output was then added via a headphone buffer to the targe 06 T

stimuli and the continuous low-level noise. This setup did

not allow us to randomize the sample rate of the target and 94

interferer together. Thus, there was no random variation of 0.2 -

the sample rate of the stimuli in experiment 4B. Without 0

random variation of the sample rate between trials, the task None Synchronous  Continuous

was easier. Thus, to avoid ceiling effects0 was reduced Gating of interferer

to 2% for three subjects, and was kept at 3.5% for the fourtlig. 7. The mean performance, and the associated standard @cooss

subject. Four to seven blocks of 100 trials were run for eaclsubjects obtained in experiment 4Bl’ for FO discrimination of a nominal

condition and subject. The order of the conditions was coun88 Hz target, bandpass filtered into a_f!’equency region between 1500 and
. 15000 Hz, is plotted for the three conditions used. See text for details of the

terbalanced over subjects. One block was run for each cong . 4iions.

dition in turn, before additional blocks were run in any other

condition. asynchronously presented interferer. However, performance

Four subjects participated in all three conditions. All of was still slightly below that observed in the absence of an
them had participated in experiment 4A. Three of the fourinterferer.

had considerable musical experience and were those who
showed more impairment in condition Asyint in experimentVl. GENERAL DISCUSSION
4A than other subjects. The fourth subject had only shown a

1
S |

1
1

Evidence for a new type of interference in the pitch

very slight impairment in performa_nce in condition Asylnt. domain has been presented. FO discrimination between se-
The other two subjects from experiment 4A, both with con- uentially presented complex tones containing only unre-

siderable musical experience, were no longer available. On olved components was impaired in the presence of a simul-

of these had shown a medium impairment and the other ha1.%1neous complex tone containing resolved harmonics, even

ShO\.Nr‘ hardly any impairment in .condmor.] Asyint. Subjects hough target and interferer were filtered into well separated
participated in at least one practice session before data cq

lection proper was started.

pectral regions. The interference effect was tuned to the
similarity between the FOs of target and interferer, indicating
a central origin. A relatively broad tuning was observed; in-
terferers with an FO of 20%—-30% above that of the target
Figure 7 shows the mean results and the correspondinstill produced a small impairment in FO discrimination, even
standard errors across subjects. Performance in conditighough interferer and target were clearly segregated. This
Syn.l. was reduced by about 0.87 units relative to that tuning is much wider than that observed for the influence of
observed in the absence of an interfeifidong. This reduc- a mistuned harmonic on the pitch of the overall harmonic
tion was very similar to that observed in experiment 4A forcomplex; Mooreet al. (1985 showed that pitch shifts caused
identical stimuli, except for the roving of the sample rateby a mistuned harmonic approached zero at about 8% mis-
between trials. For the continuous interferer, performancéuning (with the maximum pitch shift arising at about
was much improved relative to that observed in condition2%—3% mistuning Also, Mooreet al. (1986 found that a
Syn.l.; however, it was still somewhat below that in condi- harmonic was sufficiently mistuned to be heard as a separate
tion None. The main interest of the present experiment watone with mistunings between 1.3% and 2%, an amount of
to test whether presenting the interferer continuously wouldnistuning where the harmonic would still significantly con-
restore performance to that observed in the absence of aribute to overall pitch. Thus, a duplex region existed where
interferer. To assess this, a related measttest was calcu- sounds were perceptually segregated but nevertheless infor-
lated on the data from those two conditions. This showednation from the two sounds was combined to some extent
that performance in condition None was significantly betterwhen determining the overall pitch. Subjective reports in ex-
than in condition Cont.I[ T(3)=3.1, pone-sizeqd 0-027]. For  periment 1 of the present study support the existence of a
comparison, the same test, calculated for the same four subduplex region in PDI too; even when target and interferer
jects only on the data from conditions None and AsyInt inwere perceptually segregated, a small interference effect was
experiment 4A, resulted if(3)= 3.8 andpgpe-sigeq 0-016. present. The generally broader tuning found in PDI than that
In summary, presenting the interferer continously mark-found with a single mistuned harmonic might be a conse-
edly reduced PDI relative to that caused by a synchronouslguence of the fact that in the former paradigm the pitch in-
gated interferer. The reduction was greater than found for amestigated(via discrimination of FQ was that of an unre-

2. Results and discussion
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solved target complex while in the latter paradigm thecomplexes differed in resolvability, but was not worse than
investigated pitch was that of a complex tone containing repredicted when they were both resolved. Note that the au-
solved components. The former would have a less salierthors excluded from further analysis the simultaneous condi-
pitch than the latter even when presented alone. And ofion with two unresolved complexes because an additional
course, in the former the interferer was a complex tone coneue was present in this specific condition. In order to explain
taining several resolved components while in the latter thevhy performance was worse than predicted when the simul-
“interference” arose from one individual component only. taneous complexes differed in resolvability, but was not
These points might explain why PDI extends to greater FQvorse than predicted when they were both resolved, an ad-
separations and might also explain why, even with a continuéditional “translation noise” was assumed; this was supposed
ous interferer, some residual PDI was observed. Note thdb arise when the output from two different pitch mecha-
even though the influence of a mistuned component on overisms had to be compared. The need to assume an extra
all pitch and its tuning characteristic has often been distranslation noise when predicting performance in the simul-
cussed in terms of a harmonic sief@oore et al, 1985; taneous FO discrimination task from that observed in the se-
Mooreet al, 1986; Darwinet al,, 19949 this does not imply quential FO discrimination task is the evidence Carlyon and
that such an influence and tuning canly be represented Shackleton(1994) presented for the existence of two pitch
within a class of models where pitch is derived by a patterrmechanism$.
matching process across resolved harmoni@®ldstein, The current experiments showed that the presence of an
1973; Terhardt, 1974 additional resolved complex tone significantly impaired FO
The existence of PDI is compatible with the notion of discrimination between two sequentially presented unre-
one common pitch mechanism for resolved and unresolvedolved complexes. Thus, even though the two target tones
components. The specific characteristics of the results afead thesameresolvability, performance was impaired simply
consistent with the dominant pitch produced by the resolvediue to the presence of another complex tone with similar FO.
harmonics “swamping” the estimate of the FO of the unre-This means that Carlyon and Shackletol®994) perfor-
solved target, and with this interference occurring in a commance predictions for FO discrimination between two simul-
mon pitch mechanism. Alternatively, if two different pitch taneously presented complex tones probably were too high
mechanisms exist, then the existence of PDI indicates thats they were based on performance measured in conditions
they are not independent. Furthermore, the specific charagvere each stimulus was presented alone. Predicted perfor-
teristics of PDI demonstrated in experiments 3A and 3B in-mance would have been lower had predictions been derived
dicate that if two mechanisms exist, then the output of thesérom base line conditions where the sequentially presented
two mechanism seems to be combined compulsorily at #arget complex was accompanied by another complex tone.
relatively late stage, and the conscious pitch estimate is A similar reasoning was used by Moost al. (1984
dominated by the more salieatitputof the resolved mecha- with regard to the question of what constitutes the correct
nism. base line condition to determine the precision of the repre-
One of the most influential studies providing positive sentation of individual components of a complex tone at the
evidence for the existence of two pitch mechanisms was prenput to a central pitch process@Goldstein, 1978 Moore
sented by Carlyon and Shacklet@®94). Their subjects had et al. (1984 argued that the right measure was not the fre-
to compare the pitch of two simultaneously presented comguency DL of each component in isolation, but rather the
plex tones. The stimuli they used were quite similar to thefrequency DL of each component when presented within the
ones employed here. The tones were bandpass filtered gomplex tone; they showed that, contrary to Goldstein’s con-
either a LOW (125—-625 Hz, MID (1375-1875 Hg or  clusion, no extra noise within channels conveying informa-
HIGH (3900-5400 Hg spectral region, and had an FO of tion from the periphery to the central processor was needed
either 88 or 250 Hz. Depending on the combination of specto account for precision of the estimate of the residue pitch,
tral region and FO, the complexes contained either mainlyf the latter condition was used as base line. Similarly, the
resolved harmonic&8-LOW, 250-LOW, 250-MID or only  current study shows that probably no extra translation noise
unresolved harmonic®88-MID, 250-HIGH, 88-HIGH. The is necessary to explain the finding of Carlyon and Shackleton
two complexes whose pitch had to be compared were alwayd 994 that performance was lower than predicted in condi-
filtered into two different spectral regions. tions with two simultaneous tones differing in resolvability.
Carlyon and Shackletoi1994 also measured perfor- Thus, the current findings question the basis of Carlyon and
mance for FO discrimination of each of the complex tonesShackleton’s(1994 argument for two distinct pitch mecha-
alone(for each nominal FO and spectral region the clas- nisms.
sical way, i.e., the tones were presented sequentially on their Compatible with this, Micheyl and Oxenhaf®003 did
own. Performance in this sequential, within spectral regiomot find any evidence for translation noise when FO discrimi-
task was then used to estimate the noise associated with tin@tion was measured for two complex tones presented se-
encoding of FO. Within the framework of a model based onquentially. In the study of Micheyl and Oxenhd2003 (see
signal detection theory, those estimates were then used @so Oxenhanet al, 2004 the sequentially presented com-
derive predictions for FO discrimination performance in ex-plex tones were filtered into either the same or a different
perimental conditions where two complexes were presentespectral region. Depending on the nominal FO used in a
simultaneouslyThe results showed that performance in thegiven condition, this resulted in the two tones either having
simultaneous task was worse than predicted when the twthe same or different resolvability. Their results showed that

J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004 Gockel et al.: Across-frequency interference in FO discrimination 1101



there was a large noise related to the comparison of F@rhen two complexes of different FOs are filtered into the
across spectal region, i.e., the timbre difference between thrgame spectral region, the DLFO still depends strongly on
two sounds resulting from filtering into different spectral re- resolvability—even though the accuracy of phase locking is
gions severely impaired performance. They did not need téhe same in the two cases, causing the model to predict no
assume an additional noise in order to successfully prediatonsistent effect of resolvabilityShackleton and Carlyon,
performance in conditions where the resolvability of the two1994; Carlyon, 1998 This and other findings question the
tones differed based on performance observed in conditiorability of the autocorrelogram model—in its current
where the two tones had the same resolvability. form—to account for all the data on the pitch of resolved and
In summary, the present results provide an alternativeinresolved harmonics. Modifications like restricting and
interpretation for the findings of Carlyon and Shackleton.varying with center frequency the range of interspike inter-
The current findings are compatible with either the notion ofvals that can be analyzed as suggested by M@®87 and
one common pitch mechanism for resolved and unresolveBernstein and Oxenhar2003a might improve on this. We
components, or with the notion of two different mechanismsconclude that, although existing models of pitch perception
whose outputs at some higher stage cannot be accessed fail to capture the effects of resolvability on DLFOs, much of
dependently. Theoretically, one possible realization of such e experimental evidence is consistent with a unitary, but as
higher stage interference could be an interference in memoryet unspecified, pitch mechanism.
It has been shown that same/different judgements on pairs of
complex tones separated by some time inteteadund 4-5 VII. SUMMARY AND CONCLUSIONS

s) was significantly impaired if other tones with similar pitch (1) Experiment 1 showed the existence of pitch
were presented during the retention inter@émal and De-  gyscrimination interferencéPDI). FO discrimination be-
many, 1991; Semal and Demany, 199& similar interfer-  yyveen two sequentially presented complex tones containing
ence in memory might have caused the PDI in the currengnly unresolved components was severely impaired in the
experiments where two complex tones have been present@flesence of another complex tone with similar FO and re-
simultaneously. However, the fact that onset asynchrony sigsolved components, even though the target and interferer
nificantly reduced PDIiexperiment 4A argues against an \yere filtered into well separated spectral regions. PDI de-
explanation of PDI mainly in terms of interference in creased with increasing difference in FO between the inter-
memory. The onset asynchrony led subjects to perceive tWgsrer and the target.
sound sources instead of ofat least for small differences (2) Experiment 2 demonstrated further the crucial role
between the FOs of target and interferer where PDI was largof the tonality of the added sound in PDI. Increasing the
es). In Semal and Demany’s experiments several soungeve| of a synchronously gated lowpass noise which spec-
events were always heard, and introducing differences berally overlapped with a complex tone interferer reduced
tween the timbres of the target sounds and the interferingp.
sounds hardly affected the observed pitch interference in au-  (3) Experiment 3A showed that PDI was larger when
ditory short-term memory. In contrast in the present experithe interferer contained resolved components than when it
ment, PDI was substantially reduced when subjects heargontained only unresolved components. In experiment 3B,
two sound sources due to the onset asynchrony. FurthermoreD| was larger for a resolved interferer with components
the onset asynchrony in experiment 4A led to subjects heaiadded in sine phase and FO identical to the nominal target FO
ing the interferer alone after presentation of the target in théhan for an unresolved interferer with components added in
first interval and before presentation of the target in the secalternating phase and FO half that of the nominal target FO,
ond interval. Thus, according to the ‘interference in but with a pitch equal to that of the target. This indicates that
memory” hypothesis one might even expect performance tahe pitch salience of the interferer plays a crucial role in PDI
be worsein the presence of onset asynchrony than with synwhile its degree of envelope modulation after auditory filter-
chronous onsets of target and interferer. Therefore, it seeniag is less important.
unlikely that PDI was mainly caused by a higher-stage inter- ~ (4) Experiment 4A showed that an interferer gated on
ference in memory. Under the assumption that two pitcl200 ms before and off 200 ms after the target produced less
mechanisms exist, PDI rather seems to occur at the levétDI than when gated synchronously with the target. Interfer-
where a conscious pitch estimate is derived. ence could be reduced further by presenting the interferer
A particularly influential example of a unitary model, continuously; however, even then some residual impairment
termed the “autocorrelogram” model, can also account forwas observedexperiment 4B.
the fact that, for a given FO, the lower harmonics give rise to  The current findings provide an alternative explanation
a more salient pitch than do the unresolved harmofhted-  for Carlyon and Shackletonid994) pattern of results; there
dis and Hewitt, 1991; Meddis and O’Mard, 199This latter  might be no need to postulate additional translation noise
prediction arises from a deterioration in phase locking withwhen comparing FO estimates for resolved and unresolved
increasing frequency. However, this model has also beeharmonics. The observed interference in the pitch domain
challenged(Carlyon and Shackleton, 1994; Shackleton andbetween simultaneously presented complex tones that are
Carlyon, 1994; Carlyon, 1998; Kaernbach and Demanywell separated in spectral region might explain their pattern
1998; Plack and White, 2000b; Kaernbach and Bering, 20019f results. The current results are consistent with the exis-
Carlyonet al, 2002hH. One example comes from an experi- tence of one common pitch mechanism and question Carlyon
ment by Shackleton and Carlydd994), who showed that, and Shackleton’s evidence for two pitch mechanisms.
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