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The integration of nonsimultaneous frequency components into a single virtual pitch was
investigated by using a pitch matching task in which a mistuned 4th harmonistuned
componentproduced pitch shifts in a harmonic seri@® equal-amplitude harmonics of a 155-Hz

FO0). In experiment 1, the mistuned component could either be simultaneous, stop as the target
started(pre-target componentor start as the target stoppéubst-target componentPitch shifts
produced by the pre-target components were significantly smaller than those obtained with
simultaneous components; in the post-target condition, the size of pitch shifts did not decrease
relative to the simultaneous condition. In experiment 2, a silent gap of 20, 40, 80, or 160 ms was
introduced between the nonsimultaneous components and the target sound. In the pre-target
condition, pitch shifts were reduced to zero for silent gaps of 80 ms or longer; by contrast, a gap of
160 ms was required to eliminate pitch shifts in the post-target condition. The third experiment
tested the hypothesis that, when post-target components were presented, the processing of the pitch
of the target tone started at the onset of the target, and ended at the gap duration at which pitch shifts
decreased to zero. This hypothesis was confirmed by the finding that pitch shifts could not be
observed when the target tone had a duration of 410 ms. Taken together, the results of these
experiments show that nonsimultaneous components that occur after the onset of the target sound
make a larger contribution to the virtual pitch of the target, and over a longer period, than
components that precede the onset of the target soundl99® Acoustical Society of America.
[S0001-496609)02604-1

PACS numbers: 43.66.Ba, 43.66.Hg, 43.66.MKVH]

INTRODUCTION complex sound is presente@) Darwin and Ciocca1992
. , , showed that the pitch shifts produced by mistuning the 4th

Several studies have demonstrated that virtoalresi-  parmonic(mistuned componehof a harmonic series were
due pitch is mainly determined by the frequency of the Iow- o ceq if the mistuned component started 80 ms or more
numbered, resolved p_artlals of complex torEmore et al,, before the other harmonicéi) Darwin et al. (1995 demon-
1985; Plomp, 1967; Ritsma, 196he results of these stud-  grateq that a reduction in the contribution of the mistuned
ies have led to the formulation of pitch perception theorlesComponent to the pitch of a compléarge} sound could be
which state that virtual pitch is calculated mainly on the jpi-inad when a sequence of four tones, which were identi-
basis of the frequencies of the resolved, low-frequency comgy tq the mistuned component, preceded the target. The ef-
ponents(see, e.g., Goldstein, 1973; Terhaetal, 1982a,b.  foqts of onset asynchrony and sequential grouping investi-
Most studies on the perception of the virtual pitch of COM-gataq by these studies showed that preceding context can be
plex sounds have employed frequency components that hqgeq 1o exclude frequency components from the calculation
simultaneous onsets and offseffor recent reviews, see ¢ iral pitch. The current paper asks whether the virtual
Houtsma, 1995; Hartmann, 199@y contrast, the partials of pitch of a harmonic seriegarget tong can be affected by
many natural sounds start and stop at different times and dpequency components that stop before its onset, or start after
not have the same patterns of amplitude changes over timg oftset.
(see, e.g., Risset and Wessel, 1982ince changes in the Hall and Peter$1981) demonstrated the temporally in-
spectra of natural sounds may occur within periods of a feWagrative nature of pitch perception by performing experi-
tens of milliseconds, it is likely that pitch perception pro- qants on the pitch of a sequence of three 40-ms sinusoids,
cesses calculate virtual pitch by integrating frequency i”for'separated by 10-ms gaps of silence; the total duration of each
mation over time rather than by taking a snapshot of thggqence was 140 ms. The frequency of each sinusoid cor-
frequency content of a complex tone at one particular MOegponded to either the 3rd, 4th, and 5th harmonic of a
ment in time. _ _ 200-Hz fundamental frequendgequence 200 or the 4th,

Two types of experiment have demonstrated that pltcrsth, and 6th harmonic of a 180-Hz0 (sequence 180 The
perception processes are sensitive to the context in which &4er of the harmonics within each sequence was always
from the lowest to the highest numbered. The pitch of these
dElectronic mail: vciocca@hkusua.hku.hk sequences was measured by using a discrimination task and a
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pitch matching task, and by presenting the sequences either PRE-TARGET CONDITION

in quiet (high S/N ratig or in the presence of a background target sound matching
noise(low S/N ratig. The latter condition was included be- 90 ms 500 ms s°“2d
cause Houtsma and Goldstgib971; cited in Hall and Pe- — —>

ters, 198] had previously reported that two nonsimultaneous

harmonics presented in quiet did not give rise to the percep- —
tion of a single virtual pitch. Hall and Peters found that sub- —_—
jects heard the sequences as having a single virtual pitch, t—

corresponding to the fundamental frequency of the partials,
in the low S/N condition. In quiet, subjects heard a spectral

pitch based on the frequency of the lowest and firsorder time ——»

of presentation harmonic of each sequence. These results

confirmed Hall and Peter’s hypothesis that pitch mechanisms POST-TARGET CONDITION
must integrate frequency information over time in order to matching target
compute virtual pitch. Moreover, these findings suggest that sound sound

the period over which information about a single virtual A

pitch is integratedcalled “pitch integration period,” here-
aften could be as long as 140 ms.

The present study extended Hall and Peters’ findings by
using the pitch matching paradigm developed by Moore
et al. (1985, and employed in more recent studigarwin
and Ciocca, 1992; Ciocca and Darwin, 1993; Darwiral,
1994). Darwin and his colleagues measured the pitch shifts
of a harmonic seriegtarget soung produced by mistuning
the 4th harmoni¢mistuned componenby various amounts. FIG. 1. _Stimulus configuration for the pre-target and post-target conditions
This procedure gives an estimate of the contribution of aOf experiment 1.
single component to the pitch of a complex sound. The main

?0‘? %fthe currgnt ?ﬁper_twhasht_(;t explodre te(;ngoral Ofd?r eT'Earget complex contained harmonics 1-3 and 5-12 of 155
ects by measuring the piich Shilts produced by a nonsimu Hz, together with a possibly mistuned 4th harmofiais-

taneous mistuned component which could either precede Yined componetThe mistuned component had a frequency
follow the presentation of the target. An additional PUrPOSEe. ¢ wither 570 600. 610 620. 630. 640. or 670 Hz. These
of the study was to investigate whether pitch shifts OCCUle quencies c,orres,pond,ed o ,misttjnings,—cﬂ.O% 3004
when a silent gap of variable duration is introduced between_1 6%. 0. +1.6%. +3.2% and-+8.0% respectively Tr'1e

the target. sounq and a nor!5|multan.eous compon.ent, ar?ﬂatching sound consisted of the first 12 harmonics of a fun-
whethgr pitch shifts occur at different silent gap durations fordamental frequency which subjects could adjust between 151
preceding and following components. Although a study byand 159 Hz(155+4 Hz). The mistuned component, the tar-

Rakowsk|f ano_l Hirsh(1980 d_me?sured t?he effte(;]ts ]?f thet:hfre- get tone, and the matching tone had a total duration of 90 ms,
qtuencyq a S'T‘de wavéefa ||:_g on?ct)rr]l de p'f 0 ?no _?r tincluding 5-ms rise/fall raised-cosine ramps. The duration of
(targe} sinusoid as a function of the duration of a silen the stimuli was the same as the duration used in previous

:(ntervlal dWh'tChh sifpartate? the tW.O t(l)tnes, to tfhe best of ou itch matching experiment®arwin and Ciocca, 1992; Cio-
nowiedge [he etiects ot a nonsimultaneous frequency CoMs., ang parwin, 1993 and was selected because it was

ponent on the virtual pitch of a complex sound have not bee'f‘ound to give reliable pitch shift estimates while being short

previously investigated. enough for the purpose of the current stdge also experi-
ment 3, Sec. I\

Different matching tasks, administered in separate ses-

In this experiment, pitch shifts produced by a mistunedsions, were used to measure pitch shifts for pre- and post-
component which was simultaneous with the target werdarget components. In the pre-target task, the onset-to-onset
compared with those obtained with two types of nonsimultatime between the mistuned component and the target was
neous mistuned componen(s: mistuned components which either O (simultaneous component®r 90 ms [pre-target
preceded the targdpre-target components; see Figal, components; see Fig(d], and the matching tone followed
and (i) mistuned components which started as the targethe target sound. In the post-target task, mistuned compo-
stopped[post-target components; see Figb)l. There was nents could either start at the same time as the tésgaul-
no temporal overlap between the target and the nonsimultdaneous component®r start 90 ms after the onset of the
neous mistuned components. target[i.e., they target as the target stopped; see Fig.]1
the order of presentation of the target and matching tones
was the opposite to that of the pre-target condifioe., the
matching tone always preceded the target Yofiee change

On each trial, the subjects adjusted the pitch of a matchin the order of the stimuli for performing the matching task
ing harmonic series to the pitch of a target complex. Thewith post-target components was introduced to ensure that

-+

time —————p

. EXPERIMENT 1

A. Method
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the mistuned component affected only the pitch of the target TS =

. . . imultaneous component
tone. If the same matching tagke., if the matching tone . O o B
followed the target tonehad been used to measure pitch 1 i g o H
shifts for post-target components, the latter would have in- & | X % & X 8
tervened between the target and the matching tones. In this g o L - [ I g . 33}
case, mistuned components might have affected the pitch of 5 B - 5 S renlications
both the matching and the target tones, or could have acted = ] : LI 4 | oF cach match
as distractors, thereby making the matching task generally 1 O
more difficult. Informal observations indicated that adjusting iy - -

the pitch of the matching tone to match the pitch of a subse- L S s S S S B A
. . 560 580 600 620 640 660 680

quent target tone proved to be slightly more difficult than

matching the pitch of the tones in the standard order of pre- @

sentation. However, the increase in the variability of pitch

Frequency of mistuned component (Hz)

matches was not very large, and listeners learned to perform 2 Pre-target component + AS

the post-target matching task as accurately as the pre-target T 5 gﬁl

task over the course of an experimental sessgBe Sec. 11 ‘f ;‘C

I B). In both tasks, a 500-ms silent interval separated target = | - ; ; 9 X S

and matching tones. £ ol ® §° _ 2 M
All components were presented to the left ear at the 5 * g X 08 5 replications

. X 2 | -

same amplitudecorresponding to 58 dB, sound-pressure  ~ & § of each match

level, for a 1000-Hz tone All components started at sir(@) -1 o

phase. Sounds were presented through Sennheiser HD414 . =

headphones in a double-walled IAC booth. At the beginning o

of each trial, the fundamental frequency of the matching tone 560 580 600 620 640 660 680

was chosen at random from the permitted ra(ig'fSi4 HZ) ® Frequency of mistuned component (Hz)

Subjects adjusted the frequency of the matching sound by

moving a roller-ball up or dowiiDarwin and Ciocca, 1992  FIG. 2. Individual pitch shifts, averaged over five repetitions, for the pre-

Subjects were allowed to perform as many adjustments darget task of experiment 1. Pitch shifts for the simultaneous components are
. . . . hown in(a); shifts for the pre-target mistuned components are displayed in

they required in order to achieve a satisfactory match. Eacfb)

target sound was matched five times in a quasi-random order

within each experimental session; one session took 1—-2 h . Results and discussion
complete, including rest breaks. Within a trial, the mistuned The effect of the mistuning of the 4th harmonic on the

components, especially a nonsimultaneous one, could Oﬁeﬂtch of the target tone was determined by measuring the
be heard out as an individual pure tone. Subjects were ingifference between the pitch matches for each amount of
structed to ignore the mistuned component and to focus thefhjstuning relative to the condition in which the 4th harmonic
attention on matching the pitches of the two complex soundsyas not mistuned. The negative and positive pitch shifts for
To summarize, the experiment consisted of 21 condisimultaneous and pre-target components in the pre-target
tions: 7 frequencie$570, 600, 610, 620, 630, 640, or 670 task are displayed in Fig.(& and (b), respectively. Pitch
Hz) by 3 types of mistuned compone(gimultaneous, pre- shifts for individual listeners were calculated as the differ-
target, or post-target The two nonsimultaneous conditions ence between the average of pitch matches for each
were run in separate sessions since they required differentVve/+ve mistuning and the average of the pitch matches for
matching tasks. In each session, the simultaneous and tf@e in-tune, 620-Hz conditio(0-Hz point on they-axis). The
nonsimultaneous conditions were repeated five times. Prd2attern of pitch shifts for the simultaneous components rep-
and post-target sessions were run on separate days, and thlg_;ptes the pattern obt_amed Wlth S|m|la_r stimuli in previous
order was counterbalanced across subjects such that half tR§ch matching experiments; pitch shifts were largest for

subject participated in the pre-target session first, and Vicgustumngs_ 0f£20 Hz, and were on average close _to 0 Hz
versa or mistunings of 50 Hz (see, for example, Darwin and

Sounds were synthesized in real-time at 44.1 kHz usin Ciocca, 1992 The pitch shifts for pre-target components

ft R Il and Darwin. 199w for th ere generally smaller than those produced by simultaneous
custom softwar¢Russell and Darwin, 199written for the components, but there were individual differences. Subjects

56001 processor of the Digidesign Audiomedia Il board, andy,,\veq a large reduction in the size of pitch shifts either for
output through that board’s 16-bit DACs and anti-aliasingnegati\,e mistuningésubjects VT, NC, and TB or for posi-
filters. The board was attached to an Apple Macllcx com+jye mistunings of pre-target componeifissibjects DM, BH,
puter which controlled the experiment. and H relative to the simultaneous component condition.

Eight university students, six of whom were musically The remaining subjectéAS and S showed a reduction of
trained, participated in the experiment. All had participatedpre-target shifts for both negative and positive mistunings
in previous pitch matching experiments. [see Fig. ?)].
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1 1 L 1 H It t + AS
_@_ simultan. | Simultaneous componen ~ BH
© DM
0.8 M—/x pre-target © 0O H
~ — 11 Q O g o A NC
N
T 0.6 r ) == 4 % % Ly e xS
& ; = A ® TB
& 8 subjects = o - O m VT
'ﬁ 0.44 - = 0 - A
= : ot = ®
5 5 replications 8 | : % ol replications
g_ 0.2 | of each match = 6 of each match
0 i |
-0.2 T T T -2 T T T T T T T T T T T
10 20 50 560 580 600 620 640 660 680

mistuning (Hz) Frequency of mistuned component (Hz)

(a)
FIG. 3. Mean pitch shifts with error bafstandard errors of the meafor

the pre-target task of experiment 1. Mean shifts for the pre-target mistuned 2 T AS
component are displayed as open triangles, and those for the simultaneous | Post-target component a ~ BH
component as open circles. O DM
. ~ 0 H
— A 8 O A NC
. . = 1l e X & X 8
The mean pitch shifts for the pre-target task, averaged Z Q § ; % ® TB
across eight subjects, are displayed in Fig. 3. Mean pitch % o x R R | VT
shifts were calculated as half the difference between matches £ | " 2 m | cPhations
for each amount of positive and negative mistuning for each L
subject(Moore et al,, 1985. A two-way ANOVA with re- 17
peated measures was applied to the individual mean pitch 1
shifts obtained in the pre-target sessions. The factors were B —
the “mistuning” of the mistuned componei(10, 20, or 50 560 580 600 620 640 660 680
Hz), and the “type of mistuned component’simultaneous Frequency of mistuned component (Hz)
or pre-target The main effect of “mistuning” was statisti- ®

Ca”y significant[F(2,14)= 19.07,p<0.000]]. In the simul- FIG. 4. Individual pitch shifts, averaged over five repetitions for the post-
taneous condition, mean pitch shifts were largest at mistunarget task of experiment 1. Pitch shifts for the simultaneous components are
ings of 20 Hz(3.2% of the harmonic frequengyand were  shown in(a); shifts for the post-target mistuned components are displayed
virtually absent at mistunings of 50 Hz. Shifts for both the in (b).
10- and 20-Hz mistunings were significantly higher than for
mistunings of 50 HZTukey HSD testp<<0.01). The effects simultaneous components is similar. For most subjésits
of mistuning with simultaneous components is consistenbut of eigh} a reduction in the size of the pitch shifts oc-
with previous findings which showed that pitch shifts are at acurred either for positive or for negative mistunings of
maximum for mistunings of about 3%, and then decrease t40—20 Hz in the post-target conditi¢Rig. 4(b)] relative to
zero with mistunings of 8%Darwin and Ciocca, 1992; the simultaneous conditidiFig. 4(a)]; for two listeners, BH
Moore et al, 1985. In the pre-target condition, only the and AS, the patterns of pitch shifts for post-target compo-
20-Hz mistuning produced shifts which were significantly nents differed from that of the other subjects. Listener AS,
different from those of the 50-Hz, simultaneous conditionwho showed virtually no pitch shifts in the post-target con-
(Tukey HSD testp<0.05). Pitch shifts for the three pre- dition, also showed very small shifts in the pre-target condi-
target mistunings did not differ from each otl@ukey HSD  tion. This listener was perhaps able to make a reliable esti-
test,p>0.05). The difference in the effect of mistuning be- mate of the pitch of the target very quickly, possibly by
tween the simultaneous and the pre-target conditions resultddcusing only on the first few tens of milliseconds of the
in a significant “mistuning” by “type of mistuned compo- target sound. Unlike AS, listener BH perceived much larger
nent” interaction[F(2,14)=14.44, p<0.0009. The main pitch shifts in the post-target than in the simultaneous con-
effect of “type of mistuned component” showed that over- dition for positive mistunings.
all, pitch shifts were smaller in the pre-target than in the A two-way ANOVA with repeated measures was ap-
simultaneous conditiongF(1,7)=5.59, p<0.05]. Pitch plied to the mean pitch shiftsaverages of-ve and +ve
shifts for the simultaneous components were significantlypitch shifts for each amount of mistuninfpr the post-target
larger than those for pre-target components only for mistunsession(see Fig. 5. The factors were “mistuning’(10, 20,
ings of 20 Hz(Tukey HSD testp<<0.01); for mistunings of or 50 H2 and “type of mistuned componentsimultaneous
10 and 50 Hz, pitch shifts were not significantly different or post-target The main effect of “mistuning” was statisti-
(Tukey HSD testp>0.05). cally significant[F(2,14)=36.25, p<<0.0001. The pattern
The negative and positive pitch shifts for the simulta-of pitch shifts as a function of mistuning is very similar in
neous and the post-target components in the post-target tattie simultaneous and the post-target conditions: Pitch shifts
are displayed in Fig. @ and (b), respectively. The overall were largest at 20-Hz mistunings and decreased to about zero
pattern and size of pitch shifts for the post-target and for thet mistunings of 50 Hz. The effect of “type of mistuned
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1 ' ' ' - By contrast, the post-target and simultaneous conditions pro-
—=—simultan. . . R R .
duced virtually identical pitch shifts. The fact that the con-
0.8 I-|—/— post-target . . . .
= tribution of a nonsimultaneous component to the pitch of the
N . . .
T 0.6 - target complex is asymmetrical with respect to the order of
£ . presentation of the stimuli might indicate that pitch percep-
A (.44 | 8 subjects . . . . . « "
= tion mechanisms calculate virtual pitch in a “forward” fash-
a 024 | 5 replications ion. That is, pitch processes integrate acoustic information
E : of each match . . . .
g which follows the onset of the complex into a single virtual
0 pitch; acoustic energy which precedes the onset of a har-
02 monic complex would be less strongly integrated into the

10 20 50 pitch of the complex. This asymmetry may be explained by
the fact that the onset of a harmonic complex causes pitch
perception mechanisms to search for components which
FIG. 5. Mean pitch shifts with error bafstandard errors of the meafor could “fit” into the pitch of a complex sound. This search
the post-target ta;k of experiment 1. Mean shifts for the post-targe_zt mlstuneeould be based on a “harmonic sieve” principﬂﬁcheffers,
component are displayed as open triangles, and those for the smultaneo&@ .
component as open circles. 83. A post-target component would therefore contrlbutg
to the pitch of the target complex as long as its frequency is

not too far from the harmonic frequency. When the mistuned

p>0.05]. The difference between simultaneous and post_component precedes the target compipre-target condi-

target components was not statistically significant for an)}'on)' the calcul_atlon _of_the virt ual pitch of the target sound
amount of mistuningTukey HSD tests The “mistuning” would not begin until |mmed|.ately after the offset of the
by “type of mistuned component” interaction was not sta- component; therefore, the mistuned component would be
tistically significant[F (2,14)=0.15, p>0.05] less likely to be included in the pitch of the harmonic com-

' P P plex.

mistuning (Hz)

component” was not statistically significaff(1,7)=2.96,

In order to perform a direct comparison of the effects of
a preceding and a following nonsimultaneous component on
the pitch of the target sour_1d, a two-way ANOVA v_wth re- || EXPERIMENT 2
peated measures was applied to the mean pitch shifts for the
pre- and post-target conditions. The factors were the “mis-  If the pitch processor calculates virtual pitch in a for-
tuning” (10, 20, or 50 Hz and the “type of mistuned com- ward fashion then the pitch integration period should be rela-
ponent” (pre-target or post-targetPre- and post-target mis- tively long following the onset of the harmonic complex
tuned components had different effects on the mean pitclpost-target componentsout it should be short for informa-
shifts as a function of the amount of mistuning, as shown bytion that precedes the onset of the complex sopne-target
a statistically significant “type” by “mistuning” interaction components This prediction was tested in the second ex-
[F(2,14)=5.62,p<0.05. The main effect of “mistuning”  periment by varying the duration of a silent gap which sepa-
was also statistically significafif (2,14)=11.93,p<0.001];  rated pre-target and post-target mistuned components from
the main effect of “type” was not statistically significant the target tone.
[F(1,7)=0.21,p>0.05].

To summarize, this experiment showed that a mistune(l Method
component which is nonsimultaneous can produce pitch™ etho
shifts in a target complex. This finding extends the results of  The pre- and post-target tasks were run in separate ex-
Hall and Peters{198]) study which found that listeners in- perimental sessions as in the first experiment. In both tasks,
tegrated a sequence of three brief sinusoids into a singléde duration of the silent interval which separated the target
virtual pitch when these stimuli were presented in ndisee  from the nonsimultaneous mistuned component was varied
S/N ratio condition. While Hall and Peters reported a lack of and could be either 0, 20, 40, 80, or 160 ms. In the pre-target
virtual pitch perception in the quiet condition of their study, task, the interval separated the offset of the mistuned com-
the integration of the nonsimultaneous component into th@onent from the onset of the target; in the post-target task,
virtual pitch of the target tone was observed in quiet in thethe silent interval separated the offset of the target complex
present experiment. This difference could be due to the naand the onset of the mistuned component. A condition in
ture of the stimuli: When only three nonsimultaneous harwhich the mistuned component and the target tone were si-
monics are used, low S/N ratios may be necessary to be abieultaneous was also included in both experimental session.
to perceive a single virtual pitch. On the other hand, theExperiment 1 showed that mistunings af3% (600- and
virtual pitch of the target complex could be perceived in640-Hz mistuned componentproduced the largest pitch
quiet, and the current task measured whether virtual pitcishifts in the target sound, in agreement with the findings of
was affected by the presence of a nonsimultaneous compg@revious pitch matching studiésee, e.g., Darwin and Cio-
nent (instead of measuring whether a virtual pitch could becca, 1992 Therefore, only three mistuned compon&(®30,
perceived at aJl Second, this experiment showed that pitch620, and 640 Hzwere included in this experiment.
shifts in a target complex sound were smaller when the mis-  The stimuli were played through Sennheiser HD 250
tuned component preceded the target than when the targkeinear earphones in a single walled IAC booth which was
and the mistuned component were presented simultaneoushpcated in a sound-insulated room. The software/hardware

2425 J. Acoust. Soc. Am., Vol. 105, No. 4, April 1999 V. Ciocca and C. J. Darwin: Pitch of nonsimultaneous components 2425



08 - — cantly different from each othetplanned comparisonp
- e post-target >0.05). The results of the post-target task replicated those of
z 0.6 experiment 1, which showed that the pitch shifts for the syn-
£ 7 subjects chronous and the 0-ms delay conditions were virtually iden-
5 04 510 replications tical for mistunings of 20 Hz. Mean pitch shifts dropped to
2 . of each match zero in the 160-ms gap condition, which was significantly
g 3% mistunings different from the 0-ms conditioriplanned comparisorp
s . <0.001). The 40- and 80-ms conditions were not signifi-

cantly different from the 0-ms conditiofplanned compari-
02 . . . . . ' son,p>0.05).
simult. 0 20 40 80 160 As the delay between the nonsimultaneous component

and the target was increased, mean pitch shifts decreased at
different rates for pre-target and for post-target components
FIG. 6. Mean pitch shifts with error bafstandard errors of the meafor (“temporal overlap” by “tyPe" mFeracUor) [F(5,30)
the pre- and post-target tasks of experiment 2. Mean shifts for mistunings of 3.11, p< 0.05]. The mean pitch shifts for pre- and post-
=3% are displayed for the simultaneous component and for each intervdlarget components were significantly different in the 20-ms,
duration of the pre-targéfilled symbolg and post-target task®pen sym- 40-ms. and 80-ms conditionsplanned comparisonsp
bols). ! . . . .

ol <0.01). The pre- versus post-target difference in pitch shifts

) ) ] for the 0-ms condition just failed to reach statistical signifi-
setup was the same as in the previous experiment, except ﬂl?énce(planned comparisorp=0.07).

a PowerMac 7100/70AV was used to run the experiment 14 symmarize, pitch shifts were significantly reduced

instead of a Macllcx. , when the silent interval between the pre-target component
Seven listeners, one of whom was the first author, 00k hq the target complex was 20 ms or longer: when a silent
part in the experlment; three of 'th'e I|sten§rs were muspall)@ap of 80 ms(or longe) was introduced between the offset
trained. All listeners had participated in previous pitch ot the component and the onset of the target, pitch shifts
matching experiments, but none had taken part in experimentere virtually eliminated. For post-target components, pitch

1. Subjects completed between five and ten matches for eaglisis were identical to those produced by a simultaneous
experimental condition, depending on their pitch matCh'”gcomponent for delays of up to 40 ms; pitch shifts were re-

accuracy after five matches per condition. The criterion fory,ced to zero only for the longest del&y60 m3. These

stopping after five matches was a standard error smaller thaigjts support the previous suggestion that the pitch integra-

0.4 Hz in all conditions. The experiment was run in separatgion period extends for a longer interval following than pre-
blocks during which subjects completed 2—3 matches fof:eding the onset of a complex sound.

each condition; 2—4 blocks were run by each listener, with
each block taking 1-2 h to complete.

Gap duration (ms)

lIl. EXPERIMENT 3

B. Results The results of the previous experiments have been con-

Mean pitch shifts for the pre- and post-target sessionssidered to be indicative of the duration of the “pitch integra-
averaged across listeners, are displayed in Fig. 6. A two-wation period” (i.e., the temporal window within which pitch
ANOVA with repeated measures was applied to the meamrocesses integrate acoustic information into a single virtual
pitch shifts for each subject in each experimental conditionpitch) with respect to the onset of the target. This interpreta-
The “temporal overlap” between the mistuned componenttion is based on the assumption that, in the current task, the
and the target sounésimultaneous, 0-, 20-, 40-, 80-, or formation of virtual pitch(i) is triggered by the onset of the
160-ms gap and the “type of mistuned componentpre- target, (i) includes a relatively short interval prior to the
target versus post-targetvere the experimental factors. onset of the target, anii) ends once a reliable estimate of
Mean pitch shifts were larger for post-target than for pre-virtual pitch has been achieved following the onset of the
target componentémain effect of “type”) [F(1,6)=12.26, target. If this assumption is valid, then pitch shifts obtained
p<0.05]. The overall pattern of shifts indicates that pitch as a function of silent gap duration would represent an esti-
shifts decreased as the silent gap duration increased, asate of the pitch integration period. However, an alternative
shown by a statistically significant main effect of “temporal interpretation of the results is that pitch processes might not
overlap” [F(5,30)=16.18,p<0.0001. cease the calculation of virtual pitch as soon as a reliable

For pre-target components, the 0-ms condition produceéstimate of the pitch of the target has been made; instead,
lower mean pitch shifts than the simultaneous componenpitch processes may keep revising their estimate as long as
(planned comparisornp<<0.02); this finding replicates the information is received. Consider, for example, the post-
results obtained in the 20-Hz mistuning condition of experi-target stimuli: it is possible that listeners use only the last
ment 1. Pitch shifts were effectively eliminated when a silentportion of the target in conjunction with the nonsimultaneous
gap of 80 ms separated the offset of the mistuned componenbmponent for performing the pitch matching task. If this
and the onset of the target; this condition was significantlywere the case, the inclusion of the duration of the target into
different from the 20-ms conditiofplanned comparisorp  the estimate of the duration of the pitch integration period
<0.005). The 40- and 80-ms conditions were not signifi-would not be warranted. A simple test of these hypotheses
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B. Results

0.8

Sim“"t' The pitch shifts for—ve and+ve mistunings, averaged
0.6 | M nonsimult. across five trials, are displayed in Fig. 7 for each subject.
T This figure shows that the nonsimultaneous mistuned com-
0.4- | 5 replications ponents prodqced'no pitch shifts, Whi!e the 'simultar?eous
: o of each match components did. Since the pattern of pitch shifts for simul-
taneous and nonsimultaneous components was identical for
0.2 i the three subjects, it was not considered necessary to perform
any statistical analysis on the data. The results of this experi-
0 — - (R ment fully support the idea that listeners begin calculation of
the virtual pitch at the onset of the target tone, and complete
02 : : such calculation as soon as a reliable pitch estimate has been
W TF Ve achieved. This process is completed before the offset of the
stimuli used in the present experiment, which suggests that
Subjects the pitch integration period for the current stimuli is shorter
than 410 ms. This conclusion supports the interpretation of
FIG. 7. Mean pitch shifts for the stimuli of experiment 3. Mean shifts for the nonsimultaneous pitch shifts obtained in experiment 2 in

mistunings of+=3% are displayed for the simultaneous and the post-target . . . . . .
conditions. terms of estimated duration of the pitch integration period.

mean pitch shift (Hz)

IV. GENERAL DISCUSSION
can be carried out by using stimulus durations in excess o'& Summary
the longest estimated duration of the pitch integration period
(i.e., about 200 ms for post-target stimuli The present study investigated the integration of a non-

This experiment employed the post-target task onlySimultaneous mistuned component into the virtual pitch of a
since post-target components produced pitch shifts for longdtarmonic complex. The first experiment showed that, for
gap durations than pre-target components in the previous efief target tones{i) the pitch shifts produced by a post-
periments. The stimuli had a fixed duration of 410 ms; thistarget mistuned component were virtually identical to the
duration was the same as that of the stimuli used in previoughifts produced by a simultaneous mistuned comporiéit;
pitch matching tasks in which pitch shifts were measured foPré-target components produced significantly smaller pitch
simultaneous mistuned componen@®arwin and Ciocca, shifts th_an _S|multane0u_s components. The findings of experi-
1992. Only the post-target condition with no silent gap be_mgnt 2 indicated that pitch shifts occurred at longer gap du-
tween the target and the nonsimultaneous compof@ents ~ 'ations for post-target componentsp to 80 m$ than for
delay was tested. If subjects perceive the pitch of the targeP'-{arget componentaip to 40 ms. The third experiment
sound by integrating acoustic information from the onset off€monstrated that the current pitch matching procedure can

the target until a reliable pitch estimate has been achieveae employed for obtaining reliable estimates of the duration

then nonsimultaneous components should not produce pitc?]f the pitch integration period with respect to the onset of the

shifts in this experiment, since the pitch of the target Wouldtarget sound.
be calculated well before the offset of the target. By contrast,

if the alternative hypothesis is correct then we would expecB- Matching virtual or spectral pitches?
to observe pitch shifts for 410-ms target sounds followed by  The interpretation of the results of this study in terms of
nonsimultaneous components of the same duration. the contribution of a nonsimultaneous component to the vir-
A. Method tual pitch of the target tone relies on the assumption that
o ) ] ) subjects were matching the virtual pitch of the target and
The stimuli were identical to those used in the post-matching tones. It has been suggested that in pitch discrimi-
target session of experiment 1, except thigtall the stimuli  nation or matching experiments, subjects could perform
had a fixed duration of 410 ms instead of 90 ms, @Ndnly  these tasks by comparing the spectral pitches of correspond-
mistunings of =20 Hz were used. Therefore, a total of six |ng frequency Components instead of Comparing the virtual
experimental conditions were employed in this experimentpitches of the complex tond§aulkner, 1985 In principle,
two types of mistuned componefsimultaneous versus post- the matching of the spectral pitch of the mistuned component
targe} by three frequencie®00, 620, and 640 HzSubjects  with the corresponding 4th harmonic of ttfelly harmonig

completed five matches for each condition. matching tone might well have occurred in the present study,
The apparatus was identical to that employed in experiparticularly when the component was nonsimultaneous and
ment 2. could be easily heard as having a distinct spectral pitch.

Three listeners, one of whom was the first author, tookHowever, there are several reasons for rejecting the idea that
part in the experiment. All listeners had taken part in previ-listeners were matching spectral pitches of individual com-
ous pitch matching experiments, and two had taken part iponents in the present experiments. First, Mo(t887)
experiment 2; one of the listeners was musically trained. Thelemonstrated that pitch shifts produced (symultaneous
experiment took about 30 min to complete. mistuned components can be measured even when the
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matching tone does not contain the harmonic that correwith the assumptions that the auditory input is first stored
sponded to the mistuned component. Second, if listeneri®ito a “preperceptual auditory image,” and that auditory
matched the pitch of the mistuned component, pitch shiftprocesses such as those involved in pitch perception operate
should have been larger than those normally observed ion the information stored in the preperceptual auditory im-
pitch matching studies. For example, in the present experiage(Massaro, 1972

ments pitch shifts were aboutl Hz, on average, when the On the basis of these criteria, the duration of the pitch
4th harmonic was mistuned by20 Hz. If subjects had ad- integration period can be estimated to be 40—80 ms prior to
justed the matching tone so that its 4th harmonic matched thearget onset, and 170-250 ms following the onset of the
pitch of the mistuned component, then pitch shifts shouldarget soundthe latter duration also includes the target tone
have been much larger than those observed in the presegitiration of 90 ms Robinson and Pattersda995 investi-
study. Moreover, the matching of the spectral pitch of mis-gated the identification of the pitch chroma of vowels as a
tuned components would have produced a monotonic infunction of the number of cycles, and found that perfor-
crease in the size of pitch shifts with increasing misturting, mance reached an asymptote at 16—32 cycles, which corre-
which was not the case. Third, matching the spectral pitch o§ponds to durations of 122—244 ms and 92—184 m& s

the mistuned component should have been easier, therelpy 131 and 174 Hz, respectively. Their results are consistent
producing larger pitch shifts, in the nonsimultaneous than inwith the results of experiment 3, which suggest that pitch
the simultaneous conditions. Finally, matching the pitch ofperception processes integrate acoustic information into a
the mistuned component should have been easier in the prgingle virtual pitch until a reliable estimate has been gener-
target conditions, in which the mistuned component was theited. The current estimates are also in agreement with the
first sound within a trial, than in the post-target conditions, inresults of studies which investigated fundamental frequency
which the first sound within a trial was the matching tonediscrimination (Carlyon, 1996; Plack and Carlyon, 1995
having a randomly selected fundamental frequency. Contrarggr example, Carlyo1996 demonstrated that listeners per-
to these predictions, pitch shifts were never larger in theseptually integrate portions of a masker which occurred be-
nonsimultaneous than in the simultaneous conditions, anghre and after a 200-ms target complex into the target’s vir-
were usually larger in the post- than in the pre-target condityal pitch over a period of 100 ms or longer
tion. These considerations support the idea that, in the:gverintegration™). Carlyon found that overintegration oc-
present study, subjects matched the virtual pitches of thgyrred when the target was composed of unresolved, but not
target and matching tones rather than matching the spectrgf resolved, harmonics. However, it is possible that overin-

pitches of individual components. tegration could be observed with resolved harmonics for tar-
) _ _ ) get durations shorter than 200 ms. Evidence in support of
C. Temporal integration and pitch perception this prediction is found in two recent studies. Plack and Car-

Although further research is needed to obtain a precis&/on (1995 reported that thé=0 discrimination of the fun-
estimate of the duration and of the window shape of the pitcflamental frequency of two 50-ms complex tones deteriorated
integration period, a tentative model of temporal pitch inte-when duration of the gap between the tones was reduced
gration can be formulated from the present data by assuminom 500 ms to 50 ms, even when the two tones consisted of
that: (i) the temporal integration window is rectanguléi) ~ resolved harmonics. Micheyl and Carly¢h998 found that
the calculation of virtual pitch is triggered by the onset of theFO discrimination of 100-ms target tones composed by re-
target; (iii ) the pitch integration period includes a relatively solved components was degraded by the presence of com-
short interval preceding, and a longer interval following, theplex tones which preceded and followed the targets. Further
onset of the targetjv) the endpoint of the pitch integration evidence for the fact that nonsimultaneous resolved compo-
period occurs within the interval spanning from the longestnents can be integrated into a single pitch comes from stud-
gap duration at which pitch shifts were observed to the gagpes which employed pure tone stimRRakowski and Hirsh,
duration at which pitch shifts were eliminated. Whiig¢ is ~ 1980; Kelly and Watson, 1986
assumed for simplicity, criteridii), (iii), and (iv) can be The current estimate of the duration of the pitch integra-
justified on the basis of the results of experiments 2 and 3. ition period is consistent with previous suggestions that the
might be argued that criteriofii) applies to post-target but auditory system integrates acoustic energy over a period of
not to pre-target conditions, because subjects might haview hundreds of milliseconds for the perception of loudness
started the calculation of the virtual pitch of the target as(“loudness summation;” Zwislocki, 1969 backward and
soon as they heard a pre-target component at the beginnirigrward maskingWilson and Carhart, 19%.land amplitude
of a trial (in spite of instructions to ignore pre-target compo- modulation detectior(Sheft and Yost, 1990 The present
nents and focus on the matching of the pitch of target andesults are also compatible with temporal integration models
matching soundsHowever, this hypothesis does not explain based on shorter time constaiitsw milliseconds, such as
the decrease in pitch shifts with increasing delays in the prethe “multiple look” model proposed by Viemeister and
target conditions of experiment 2, nor is it clear how theWakefield(1991). This model states that the auditory system
pitch of the target could be calculated on the basis of a singleakes samples or “looks” of the incoming acoustic signal
mistuned component. It is more likely that pitch estimation isabout every 3 ms. These samples are stored in memory and
initiated at the onset of the target, but that the pitch integracan be selected for further processing. The present data could
tion period includes an interval prior to the onset of the tar-be explained by such model if it is assumed that pitch pro-
get, as specified by criteria(iii ). This criterion is consistent cesses can combine information across frequency channels
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from samples which occurred over periods up to about 20@trated that the integration of nonsimultaneous acoustic en-
ms, despite the temporal separation between the nonsimultargy for pitch perception can occur over periods of 100 ms or
neous component and the other components of the targ&inger. In order to account for these findings, an autocorre-
tone (see, for example, White and Carlyon, 1997, for evi-lation model would have to be able to store autocorrelation
dence in support of this kind of temporal integradion functions for each frequency channel and for periods of at
The present findings suggest that pitch processes calcleast 100 ms, and then apply some temporal smoothing be-
late virtual pitch by giving a higher weighting to acoustic fore the summary autocorrelogram is calculatékhe inte-
information which follows the onset of a complex sound thangration of nonsimultaneous energy over relatively long dura-
to information which precedes it. This temporal asymmetrytions for the perception of virtual pitch could be perhaps
complements the finding that onset asynchrony is more efmore easily implemented by models which compute virtual
fective than offset asynchrony in preventing an asynchronoupitch from the frequency of resolved compone{@®ldstein,
harmonic from contributing to the timbre of a vowdar- 1973; Terhardet al, 1982a. These models could be modi-
win, 1984). This asymmetry is also consistent with the re-fied to specify differential weightings of frequency compo-
sults of previous studies which showed that the final portioments for the calculation of pitch, depending on the compo-
of a signal is given a higher weighting than initial informa- nents’ time of occurrence with respect to the onset of
tion for the perception of the pitch of frequency glidé&-  complex sounds.
belek et al, 1970 and ramped versus damped sinusoids
(Patterson, 1994abA larger degradation in performance
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