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A harmonic of a periodic complex tone can be heard out as a separate entity if the harmonic is
slightly mistuned from its correct frequency. Pitch matching experiments show that the pitch of such
a mistuned harmonic differs systematically from its frequency. The shift in pitch is found to be an
exaggeration of the frequency mistuning. This article considers two classes of model for the pitch
shift. In the first class are tonotopically local interaction models which attribute the pitch shift to
interactions between the mistuned harmonic and neighboring harmonics, where the neighborhood is
established by peripheral filtering. The second class of model attributes the pitch shift to a contrast
between the mistuned harmonic and a broadband harmonic template. This article describes six pitch
matching experiments using complex tones having spectral gaps, strategically chosen to compare
local interaction and template models. The results show that when a competition is set up between
local interactions and a template, the template proves to be dominant. A parallel between the pitch
shifts of mistuned harmonics and periodicity pitch, also attributed to a harmonic template, is seen as
the frequency range of the mistuned harmonic is changed. Tonotopically local influences are evident
in several experiments, but they are of secondary importancel998 Acoustical Society of
America.[S0001-496608)00305-1

PACS numbers: 43.66.Hg, 43.66.BANVH]

INTRODUCTION of the harmonic components of complex tones. These then
became thespectral pitcheghat were combined to form a

A complex periodic tone with many harmonics is nor- -, L oitch for th h | hardit al
mally perceived as a single entity with a pitch approximatelyvIrtua pitc or.t eftoneasa w oleee a SO Ter arat al,
1982h. According to the algorithm, the pitches of individual

equal to the fundamental frequency of the tone. The indi- . . ! :
vidual harmonics are not heard separately. However, if garmonics are shifted due to partial masking caused by the

harmonic is mistuned from its correct frequency, it may be€Xcitation patterns of neighboring harmonics. .
The algorithm is based on experimental data showing

detected as a separate entifoore et al,, 1986; Hartmann, i ) ) !
1988. The mistuned harmonic sounds like a sine tonetat when a sine tone is partially masked by a sound having
against the background of the low-frequency complex tone? lower frequency than the sine itself, the pitch of the sine is
The background, with a complex timbre, has a pitch close thifted upward. Similarly, masking by a sound having a
the fundamental, though this pitch can be shifted as a resuftigher frequency than the sine tone tends to shift the sine
of the mistuning(Moore et al, 1985; Darwinet al, 1994.  tone pitch downward. Terhardt extended these sine tone
The mistuned harmonic appears as a pure tone, and its pitéRasking ideas to the pitches of components in a complex
is also shifted. Matching it with &nonsimultaneoyssine  tone. A harmonic, somewhere in the middle of the spectrum,
tone gives a matching frequency that systematically distends to be shifted upward by neighboring harmonics having
agrees with the mistuned harmonic frequerjartmann lower frequencies, and it tends to be shifted downward by
et al, 1990. neighboring harmonics having higher frequencies. Because
The pitch shift of the mistuned harmonic can be de-Of the asymmetry of auditory filters there is an upward
scribed succinctly as an exaggeration of the frequency misspread of masking, and the usual net result is that the pitch of
tuning. For example, the third harmonic of a 200-Hz tone is2 harmonic is shifted upward. An exception occurs for the
normally at 600 Hz. If the harmonic is mistuned by 8%, its fundamental component, where there is no lower frequency
frequency becomes 648 Hz. Typically its pitch would in- excitation. Then the model predicts that the pitch shift is
crease to 655 Hz, corresponding to a pitch shift of 1%downward.
[(655—-648)/648=0.01]. If the harmonic is mistuned by Because Terhardt's model is a place-based excitation
—8%, its frequency decreases to 552 Hz, but its pitch wouldpattern model, it can also be used to predict pitch shifts for
typically decrease to 546 Hz, corresponding to a pitch shifinharmonic components. For example, Terhareital.
of —1% [(546—552)/552= —0.01]. The reader will notice (19823 used the model to predict the pitches of church-bell
that pitch shifts are computed with respect to the mistunedones. However, when the model was applied to mistuned
harmonic frequency. The present article is a study of théharmonics it predicted positive pitch shifts no matter whether
pitch shifts of mistuned harmonics. the mistuning was positive or negative. Although it correctly
To find a model for the pitches of mistuned harmonics, itpredicted the pitches found experimentally for positive fre-
is natural to begin with previous work, which has been onguency mistuning, it failed to predict the negative shifts for
the pitches of correctly tuned harmonics. In 1979, Terhardhegative mistuningHartmannet al, 1990; Hartmann and
presented a semi-empirical algorithm to calculate the pitcheBoty, 1996.
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To try to explain the observed pitch shifts for mistuned
harmonics, Hartmann and Doty developed an alternative
model based on neural timing. The model began with the (a)
idea that pitch should be determined by the peaks of the
interspike interval(lSl) histogram, as suggested by Goldstein
and Srulovicz(1977). According to the model, the pitch of a
component is shifted when excitation from neighboring har-
monics appears in the same auditory filter, leading to a com-
plicated temporal pattern. In general, the effect of such inter-
action on the ISI histogram is to cause a harmonic to be Frequency (f)
attracted in pitch to its nearest neighbors. Therefore the
higher neighbor tends to make a positive pitch shift, and the 3
lower neighbor tends to make a negative pitch shift, an “at- ol ®
traction” effect which is opposite to Terhardt’s “repulsion”
effect. Decreasing the spacing in frequency between the har-
monic and a neighbor by mistuning the harmonic results in
an increased attraction.

The timing model was capable of producing the positive
and negative pitch shifts that occur for positive and negative - -8% 8%
mistunings. With appropriate model parameters, calculated Mistuning
pitch shifts COUld. be brought mto_agreement with experimen. IG. 1. Pitch shift gradient. A positive pitch shift gradient occurs when
tal reSUItS.for mistuned harmonics 2, 3, 4, 5, 7, 9, and 1 itch changes more rapidly than frequency. Rartshows the mean and
[Doty (Smith), 1989; Hartmann and Doty, 1996However, standard deviation of pitch matching data for a positively mistuned har-
there was one glaring exception, namely the mistuned funmonic (+8%) and a negatively mistuned harmonie§%). In theabsence
damental. The model said that the pitch shifts should be un‘ﬁf a gradient, the pitch shiftap,. and Ap_ would be the same. In fact,

v small and opposite in sian to the mistuning. In con- owever, these shifts even have different signs. farplots the values of
usually " Pp g . g. ; Ap, and Ap_ to show the pitch shift gradient. This gradient would be
trast, experiment showed unambiguously that the mistuneghilediarge because the error bars for matching positive and negative mis-
fundamental behaves just like any other mistunedunings do not overlap. The error bars are two standard deviations in overall

harmonic—pitch shifts are substantial and in the same diredgngth. All the data presented in this article are represented by graphs like
part (b). To measure a pitch shift gradient does not necessarily require

tion as_ the.fr.equency shift. ) . positive and negative mistuning of a harmonic. A gradient can be measured
This difficulty led us to consider an alternative para- using any two frequencies that are not greatly different.

digm. Terhardt's excitation pattern model and the timing
model of Hartmann and Doty are local interaction models

Pitch (p)

U R S pitch shift gradient

Pitch shift, ap, (%)

h hat the pitch shifts d d mainl iahb .isnated in the observation that pitch shifts for mistuned har-
the sense that the pitch shifts depend mainly on neighboring, ;e are in the same direction as the frequency mistuning.

harmonics. The wo nearest neighbors are especially Impotl‘herefore, if one takes the difference between the pitch shifts

tant. A limitation of such local interaction models is that theyobserved for positive and negative mistunings, the result

give no recognition to the role of the entire spectrum iNghould be larger and more robust than either pitch shift
integrating a correctly tuned harmonic into a complex tone, ;one. An example is shown in Fig. 1: pag) plots pitch,

o X . Ynd part(b) plots pitch shift. The pitch shift observed for a
when the harmonic is segregated by mistuning. A harmon'?nistuning of+8% isAp, =1.1%. The pitch shift observed
template is an internalized pattern for the components of ®or a mistuning of—8%+isAp ——1.3%. The pitch shift
periodic tone. Current models of complex tone pitch perceDgradient isAp, —Ap_=2.4% g\nd there is an average pitch
tion (Goldstein, 1973; Terhardt, 19y4ay that the pitch is shift of (Ap :LAp )12=—0 1’%

the fundamental frequency, or harmonic spacing, of the best * - o
fitting template. Further, the “pitch meter” studied by Duif-
huiset al. (1982 and Scheffer$1983 uses a self-consistent
harmonic template to determine whether each resolved spe
tral component of the physical tone should be integrated int
a complex tone percept or should be segregated. The expe
ments of this article were designed to search for a role for
broadband template and to establish a contrast between te
plate models and local interaction models in the pitch o
mistuned harmonics.

A pitch shift gradient is a perturbation in the smooth
functional relationship between pitch and frequency. It oc-
curs when, over a small range in frequency, the pitch
Ehanges differently from the frequency itself. Therefore, a

itch shift gradient can be measured by measuring the per-
entage pitch shifts for any two frequencies that are rather
Llose together and taking the difference. If the measured

itch shifts turn out to be a constant percentage of the fre-
quencies, then the pitch shift gradient is zero. The experi-

ments below all used mistunings of plus and minus 8% to

measure the gradients. Doty’s data indicate that pitch shifts
. EXPERIMENTS grow with increasing mistuning up to mistunings of about
+4% and remain flat, or decrease slightly out 18%.
Therefore,=8% is a reasonable standard. The results would

Experiments were performed to measure a quantity delikely have been the same had the mistunings been as small

fined as thepitch shift gradient The gradient concept origi- as*=4%.2

A. Method
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1. General procedure Gap 1-3

The listener was seated in a sound-treated enclosure,

holding a response box that controlled the events of an ex- (@)

perimental trial. The listener pressed a yellow button to hear

a complex tone with one of its harmonics mistuned. The 12345678 10 16
listener pressed an orange button to hear a matching sine Harmonic ‘number

tone with a frequency that the listener could adjust by means

of a ten-turn potentiometer on the box. Each tone was pre- Gap 2-4

ceded by a 300-ms silent interval to minimize interactions
between intervals. The listener could call up the complex
tone or the matching tone in any sequence, with no time
limit. When satisfied with the match, the listener pressed the
green button to finish the trial. The stimulus and matching 12345678 10 16

. . Harmonic number
frequencies were recorded, and then the next trial began,

with a different complex tone. There was no feedback to thé!G. 2. Spectra for experiment da) Gap 1-3. A single mistuned harmonic
listener (number 1, 2, or Badded to harmonics 4-16. Vertical solid lines represent

. . . . £erfectly tuned harmonics. A vertical dashed line represents a mistuned
The experiments used a W'de_ variety of tones with @%harmonic. A dot is put on the horizontal axis where a harmonic is omitted.
few as three and as many as six different complex spectra im) Gap 2-4.

a run. Each experimental run included at least one presenta-

tion of each spectrum with a mistuned harmonic mistuned byrhe matching tone was filtered and enveloped like the com-
+8% and—8%. Therefore, a run included from 6-12 trials. plex tone. The matching tone level was 55 dB SPL, 3 dB

It took from 10—-20 min for a listener to finish a run. After a lower than a component of the complex tone, causing the
run was completed, the listener could come out to rest. Runsiatching tone to be approximately as loud as the mistuned
continued until each listener had done at least 12 runs in eadfarmonic. It was expected that equal loudness would make
experiment. Every data point shown in the figures that followthe pitch matching task easier.

was based on the final 12 matches.

3. Listeners

2. Stimuli There were four listeners, three males, B, J, T, and one
) ] ] _ female, C. Their ages ranged from 19-55. All the listeners

The complex tones with mistuned harmonics containeghaq negative otological histories and had some training as
from 8-16 partials of equal amplitude. The fundamental freyerformers of musical instruments. They could perform ac-

quencies varied from 150-800 Hz. Complex tones were geryyrate sine—sine pitch matching in the range 150—1000 Hz.
erated by sound files, which were specific as to the funda; jsteners J and B were the authors.

mental frequency, the harmonic content, the mistuned
harmonic number, and the percentage of mistuning—eitheg Experiment 1
plus or minus 8%. For a given trial, the appropriate soundl Spectra of the complex tones
file was loaded into a digital buffer 16k6 384 samples '
long and was converted by a 16-bit DAC at a nominal  The spectra of the two complex tones in experiment 1
sample rate of 16k/s. To prevent the listener from using pitciar® shown in Fig. 2. The stimulus in Fig(a? was made by
memory in the task, the sample rate was actually different o§tarting with a periodic complex tone with a nominal funda-
every trial. It was randomized over a range 6fl0% to mental frequency of 200 Hz and harmonics 4—16. Then one
—10%, with a rectangular distribution. Because of this ran-(@nd only ong of the omitted harmonic¢l, 2, or 3 was
domization, all the numerical values of frequencies given inféinserted as a mistuned harmonic, mistuned by eitt&¥o
this article are nominal values. or —8%. There were, therefore, six different stimuli in this
The output of the DAC was low-pass filtered at 7 kHz, €xperiment. This experiment is called “gap 1-3."
— 115 dB/oct, and then shaped by a computer-controlled am-  The stimulus in Fig. &) was made in the same way
plifier to give it an envelope with a 10-ms raised-cosine on-€xcept that harmonics 2, 3, and 4 were initially omitted.
set and offset, and a full-on duration of 1 s. The signal wagl hen one of those harmonics was reinserted as a mistuned
presented to the listener via Sennheiser HD480 headphon8&rmonic, mistuned by either 8% or —8%. This experi-
such that each component had a level of 58 dB SPL. Therélent also had six different stimuli, and it is called “gap
fore, a 16-component complex tone had a level of 70 d2—4."
SPL.
The matching tone was generated by repeatedly cycling- Results—The zigzag effect
a buffer using fractional-addressing technology. One cycle of  Figure 3 shows the results for gap 1-3 and gap 2-4
a sine wave was loaded into a 16k buffer and sampled at thexperiments, one panel for each subject. There are several
rate of 32k/s. The fractional address increment was detemwbservations to be made: First, there is a large pitch shift
mined by the potentiometer on the control box, as read by gradient for each plus—minus mistuned pair. Second, there
12-bit ADC. An exponential frequency control law was ap- are average shifts for some of the pairs, though these differ in
plied in software, leading to a frequency resolution of 0.06%size from subject to subject. Finally, although the magni-
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number 1 and smallest for number 3. The zigzag pattern seen
for gap 1-3 occurs also for the gap 2—4, except that the
gradients are somewhat smaller in gap 2—4.

VL\?}\‘H /} - {} Ny The results of experiment 1 suggest that local interaction

SHIFT (%)
- N
4

models are not appropriate models for the pitches of mis-
tuned harmonics. Instead, it suggests that there is something
special about the integer harmonic numbers, even when they
FIG. 3. Results of experiment 1. There are four pafaldor the gap 1-3 ~ are in a gap. A large pitch shift gradient occurs when the pair
experiment, and four pane(b) for the gap 2-4 experiment. In each panel straddles a special frequency where a harmonic is supposed

there are three pairs of data points representing:tB&6 mistuned pairs for to be. This, in turn, is evidence that the complex tone forms
three mistuned harmonics. Members of a pair are connected with a solid line ' ’

so that one can compare the gradients of different pairs. A dashed lin& harmonlc template Wlthm the auditory system, signalling
connects pairs to illustrate the ragged dependence of the pitch shift on ti§1€ location of harmonics.

mistuned harmonic frequency, indicating thigzag effectThe horizontal
axis is monotonidbut not lineay with mistuned harmonic frequency.

PI'II'CH
[ =1

|
N

C. Experiment 2

tudes of the gradients are different for different listeners - SPectra of the complex tones
there is a common tendency for low mistuned harmonics to  The purpose of experiment 2 was to make a direct com-
have larger gradients. This low-frequency tendency will beparison between two stimulia) in which the target tone was
seen in other experiments too. a mistuned harmonic, an@) in which it was not. If a har-
Experiment 1 shows that the pitch shifts do not varymonic template is the dominant influence on the pitch shifts
smoothly with mistuned harmonic frequency. The pattern®of mistuned harmonics, as suggested by experiment 1, then
shown in Fig. 8a) and(b) are zigzags. These zigzag func- shifts should be evident for the mistuned harmoniéanbut
tions are evidence against an important class of models inot for the target inb). The key to experiment 2 was that the
which pitch shifts are mediated by local interaction. The gadocal spectral structure around the target was similar for both
1-3 experiment is critical. The stimuli for gap 1-3 can bestimuli. Therefore, local interaction models predict similar
regarded as six target sine tones, increasing in frequengyitch shifts for both(a) and(b).
from harmonic 1 mistuned by 8% to harmonic 3 mistuned The spectra for the tones of experiment 2 are shown in
by +8%. As its frequency increases, the target tone get&ig. 4@ and (b). For stimulus(a), the fundamental fre-
closer to the rest of the spectruimarmonics 4—16 whichis  quency was 200 Hz. Harmonics 4 and 5 were omitted, and
responsible for the pitch shifts. Local interaction modelsthe third harmonic was mistuned, either #8% or —8%,
based on the interaction of excitation patterns logically rei.e., it was nominally either 648 or 552 Hz. For stimulib3,
quire that a shift varies smoothly with the separation betweethe fundamental frequency was 400 Hz, and the second har-
the target and the rest of the spectrum because the interactiomonic was omitted to make a gap. A target, having the same
decreases monotonically with increasing separation in locdrequency as the target in stimulga), was inserted in the
models. This prediction is contrary to the zigzag pattern obgap. Figure &) shows that the target, with frequency of 648
served experimentally. Local interaction models based owr 552 Hz, looks like a mistuned component with harmonic
timing, like Hartmann—Doty, do not necessarily predict anumber 1.5. Therefore, stimulb) makes an adequate test:
smooth behavior for the gap 1-3 experiment, but the periphthe harmonics neighboring the target have the same frequen-
eral filtering in these models causes them to predict that gracies as in stimuluga) [the spectral differences betweéa
dients should increase in magnitude as the mistuned haend (b) are six(Cambridge critical bandwidths away from
monic number increases from 1 to 3. In fact, the zigzaghe target regioh but 1.5 is not a legitimate harmonic num-
pattern does the reverse. It is largest for mistuned harmoniber.
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FIG. 5. Results of experiment 2. There are four subjects. Letieind (b) (d) E coe
refer to spectra in Fig. 4. The gradient is seen to be smaller in @ase i
mistuned harmonic number 1.5, indicating theeger effect 1 2 3 4 5 16
Harmonic number

2. Results—The integer effect |

The results of experiment 2 are shown in Fig. 5, one (e)
panel per subject. For all the subjects there are substantial : N—
shift gradients for stimuluga), where the frequencies of the ! H%rmoiic umber

pair straddle harmonic 3, but there are no similar gradients

for stimulus (b), where the frequencies of the pair are not FIG. 6. Spectra for experiment 3. Ton@s—(e) have a mistuned fundamen-
: : . P tal. Harmonic spectral blocks run from proximéaée to remote(d). Tone(e)
close to an integer harmonic. The effect is SI(~:]mflca‘mhad only three harmonics. Dots on the horizontal axis mark the positions of

[F(1,3)=16p<0.03]. The result of experiment 2 is called gmitted harmonics.
the “integer effect,” meaning that large pitch shift gradients

oceur when the.frequenci'es of the pair straddle integer har(Smitted one by one, the pitch shift gradient became smaller,
monic frequencies. The integer effect suggests that a hag  ¢ome gradient was always present. In only one case, tone
monic templa’_[e plays_ an important role in the S_h'fts' , (d) for SJ, was the gradient less than the error bars.

Fo_r local Interaction models, one expects pitch shifts 10~ 1o ragits of the experiment show that distant harmon-
bf} mafmly dleterlmmed bY the clgslest fr%quencydqomponen.tf,% are capable of generating a pitch shift gradient. Because
T erT orhe, oca mtlerﬁcur(])_? n;o es teg todptr)e 'SCt apfprOX|—the distant harmonics were well outside the critical band con-
malltelyt. € sam(; p|:]c Shifts for St'mg )lar} ( ).h pgu IIC taining the target, the pitch shifts cannot be understood from
ca cuzatlons ZW't dt he t.onlotoplc dmlo fe of Terhar (tja. a model that treats only a single peripheral channel. Specific
(1982a, 1982pand the timing model of Hartmann and Doty . 1ations using Terhardt's model show negligible pitch

both predict thata) and(b) should have the same pitch shifts gyt 0 196) for a mistuned fundamental when harmonic 2
to five significant figures. These predictions are contrary to

the large difference betwedn) and (b) shown in Fig. 5.

[

D. Experiment 3

PITCH SHIFT (%)
o

i
n

1. Spectra of the complex tones

The main purpose of experiment 3 was to see whether
spectrally distant harmonics contribute to the pitch shift of a
mistuned harmonic. The experiment used five complex
tones, all with a period of 1/200 s. All had a mistuned fun-
damental. The spectra are shown in Fig. 6: Téaewas a
16-component complex tone. Tonédy—(d) were the same
as tone(a) but with increasing number of omitted harmonics.
Tone(e) had only harmonics 1, 2, and 3.

PITCH SHIFT (%)
(-3

PITCH SHIFT (%)
o

2. Results—The proximity effect

The results of experiment 3 are shown in Fig. 7. Because -4
listener SB did not complete this experiment, data are ShOWEIG. 7. Results of experiment 3. There are three subjects. LeHgrée)

for only three Iisteners_; the 'feSUItS are ?Ssentia"y the sam@fer to spectra in Fig. 6. Pitch shift gradients decrease in dedghrough
for all three. As the neighboring harmonics 2, 3, and 4 weréd), indicating theproximity effect
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(c) i eoe -2
1 E 3 4 §5 7 16_ FIG. 9. Results of experiment 4. There are four subjects. Let@rd)

Harmonic number refer to spectra in Fig. 8. Larger gradients occur for to@snd (b) where
the second harmonic is present, indicatintpeal asymmetry effect

(d) eoe . .
- _ | (c) the second harmonic was omitted. In tofh both the
1 2 3 4 5 Y18 second and the fourth harmonics were omitted. The Terhardt
Harmonic number model predicts that eliminating the second harmonic changes

FIG. 8. Spectra for experiment 4. A mistuned third harmonic in symmetricaith€ average shift from 1.9% to 0.5%. The Hartmann-Doty

[(a) and(d)] and asymmetricdlb) and(c)] harmonic environments. Dots on  model predicts that all shifts, regardless of mistuning, are

the horizontal line indicate omitted harmonics. positive for an omitted second harmonic, and all shifts are
negative for an omitted fourth harmonic.

is omitted and even smaller shifts for other omitted-harmonic

stimuli. The Hartmann—Doty model underpredicts the pitch2, Results—The local asymmetry effect

shift for the mistuned fundamental, as always. The data from experiment 4 are shown in Fig. 9, one

The fact_ that apprec_iable pitch shift g_radient_s Wer€hanel for each subject. The first observation to be made is
caused by distant harmonics suggests that pitch shifts orig hat the large changes in average shiéserage over posi-

nate at g.m%herhl_evel, vlvh_ere the output.shof tunetlj channfei/e and negative mistuningpredicted by local interaction
are combined. This resultis consistent with a template mode}, 4|5 for asymmetrical spectth) and (c) did not materi-

for the shn‘ts(.j It of . is that the shift aradi alize. The changes in average shifts are small, and the direc-
A secon rltlasu tr? exkf)enment 3is ; atht efs ! Erah"tions of the changes are different for different listeners. This
ents.weref shma er WI en the t?[f_le-‘t wasi f':\rt (?‘r rom t € farr'esult is evidence against local interaction models. The larg-
fmon,|’cs oh_the co_mhp e)l; tone. d'SJeSUt IS % prOX'T'ty eh- est effect seen in this experiment was a reduction in gradient
_ect, which might € regarded as evidence for t € caused by removing the second harma(sigectra ¢ and )
importance of a Iocal_ Interaction S_UCh as partial r_nas!(mgwhether or not the fourth was removed. For SB and ST the
However, the large siz€ of the shifts th_emselves In '_:'9' 7change was dramatic. Overall, the reduction in pitch shift
seems out of proportion to the small weight that local |nter—upon removal of the second harmonic was significant

action plays in other experiments, such as experiment 2. '[tF(1,7)= 11.3,p<0.02]. The special importance of the sec-

seems more likely that the proximity effect represents 'N"6nd harmonic in producing the gradient, in comparison with

creasing influence for a harmonic template when the COMPGhe fourth, is docal asymmetryGeneralized from this expe-
nents that establish the template become closer to the targets e with a mistuned third harmonic. a statement of the

local asymmetry effect says that the harmonics below the
E. Experiment 4 target are more important than the harmonics above the tar-
1. Spectra of the complex tones get in making a pitch shift gradient. Like the proximity ef-
. fect, the local asymmetry effect has some of the character of

tuneixﬁglrr:c?:itcdft;egzeg Szz(l:é::?:vae?yrgrl?new::gtsir:mrtlr(;erensI?? local interaction model. The upward spread of excitation
. . 9 y uvely Alng Ne: might be expected to result in just this kind of asymmetry.
neighboring harmonics. The motivation for this experiment

However, local interaction models have the problem that an
was that_ both the Terhardt pl_ace model and the Hartmannﬁteraction large enough to generate a large change in gradi-
Doty timing model are sensitive to local spectral structure. o

. . o ents(e.g., SB and S)ralso tends to generate a large shift in
The former is particularly sensitive to the removal of a lower . L ;

o : o average pitch, which is not seen experimentally.
harmonic; the latter is sensitive to both lower and upper
neighbors of the mistuned harmonic. Experiment 4 looke
for the expected large changes in average shifts.

The target was a mistuned third harmonic, mistuned byl- SPéectra of the complex tones
+8% or —8%. The fundamental was 200 Hz. The spectral = Experiment 5 was done to see the how pitch shift gradi-
contexts are shown in Fig. 8: In tort@) all harmonics were ents for the mistuned fundamental depend on the period of

present. In toné€b) the fourth harmonic was omitted. In tone the complex tone. There were three complex tones with eight

q:. Experiment 5
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Harmonic number dient is too small to be observed, whatever the fundamental

frequency.
FIG. 10. Spectra for experiment 5. The three complex tones are scaled so  The small gradients seen at 800 Hz might have been
that nominal fundamental frequencies are 200, 400, and 800 Hz. The fun- . . Lo
damentals are mistuned. r}:)red}cte(.d from a harmonic template model becaqse periodic-
ity pitch is weak at 800 Hz. Modern pitch perception models

. . suggest that periodicity pitch, as seen in tones with missing
components and mistuned fundamentals. The only dlfferenclg_f‘.lndamentals, is the result of a central harmonic template.

among the tones was the nominal fundamental freque@aty: The DWS pitch meter is an exampl§cheffers, 1988 Ac-

200 Hz, (b) 400 Hz, and(c) 800 Hz, as shown in Fig. 10. cording to Ritsma’s 1962 amplitude modulation experiments,
800 Hz is the upper limit for the existence of periodicity

2. Results—The frequency effect pitch. It seems natural to attribute this limit to a weakness in

The results of Experiment 5 are shown in Fig. 11. Thetemplate influence for fundamental frequencies as high as
results clearly show that the pitch shift gradient decrease800 Hz. An ineffective template, in turn, would produce
with increasing fundamental frequency. Whereas the gradismall pitch shift gradients, as observed in experiment 5. A
ents at 200 Hz are large, greater than 2% for all listeners, thpossible further interpretation for the results of experiment 5
gradients at 800 Hz are almost zero. This is the frequencip that templates with low fundamental frequencies or long
effect. The gradient is larger for 200 Hz than for 400 Hz periods(e.g., 1/200 s are more effective than templates with
[F(1,3)=53, p<0.01], and it is larger for 400 Hz than for Short periodge.g., 1/800 s This interpretation was tested in
800 Hz[F(1,3)=24, p<0.05]. experiment 6.

The Terhardt model predicts the frequency effect, )
largely because of the increased sensitivity to SPL excess a% Experiment 6
the frequency decreases. It also predicts the dominance &f Spectra of the complex tones
negative pitch shifts seen experimentally. However, the pre-  Experiment 6 had two goals. The first was to test the
dicted pitch shift gradient has the wrong sign, and, thereforetemplate period conjecture from experiment 5, the second
the model fails. The Hartmann—Doty model fails for a mis-was to explore the dependence of pitch shift gradients on
tuned fundamental, as usual, because it predicts that the graarmonic number. The idea was to create a similar local
spectral environment for mistuned harmonics, subject to two
different overall periodicities. The spectra are shown in Fig.
12. In tone(a) the second harmonic of the complex tone was
mistuned and its neighborshe fundamental and the third
harmoni¢ were omitted. The fundamental frequency was
200 Hz. In tongb) the stimulus was a 400-Hz complex tone
with its fundamental mistuned. The local spectral structures
for the mistuned harmonic were similar for bdgy and (b),
but the harmonic number i@ was 1(the fundamenta) and
the harmonic number itb) was 2 (the second harmonic
Both stimuli had the same power. According to local inter-
action models both should have the same pitch dlefis
than 0.2% in Terhardt's model

PITCH SHIFT (%)

PITCH SHIFT (%)

2. Results
FIG. 11. Results of experiment 5. There are four subjects and three funda- . . .
mental frequencies with spectra given in Fig. 10. The gradients are seento | N€ results of experiment 6 are shown in Fig. 13. For all
be smaller for higher fundamental frequencies, indicatifigquency effect  the subjects, the lower harmonic numlfdre fundamental
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In a template model, by contrast, it is hypothesized that
pitch shifts result from the influence of a broadband frame-
work established by all the harmonics of the complex tone.
Because the template model is more central than local inter-
action models, it is less clear how one should proceed to
make it quantitative. The fact that pitch shifts are almost
always found to be exaggerations of the frequency mistuning
means that the template acts in such a way as to enhance
contrasts. The enhancement favors the segregation of the
mistuned harmonic as an independent entity.

Important evidence in favor of the template model came
from thezigzageffect in experiment 1, where the presence of
upper harmonics led to a ragged pitch shift pattern for mis-
tuned lower harmonics. We found it helpful to think about
this experiment in the following physical terms: In experi-
ment 1(gap 1-3, there is an empty spectral region where
FIG. 13. Results of experiment 6. There are four subjects. Letieend(b)  harmonics 1-3 have been omitted. Above this region there is
{ﬁg?é;gnzp:ﬁ;rr?ng'nii'%u?nzt;;h;fg;?d'ems fby tones are slightly larger, spectral strength in harmonics 4-16. Experiment 1 consisted

of placing a sine tone probe somewhere in the empty spectral

region and observing “forces” on it caused by harmonics
suffered the larger gradient. This is a harmonic number efs_16. The imagined forces are the influences that shift the
fect. The effect is not significant according to our usual tesbitch of the sine tone. The zigzag effect indicated an appar-

[F(1.3)=4.4] because the size of the difference VaneSqnt force whereby pitches are “repelled” from sites where

among subjects leading to a large variance. It is importan . - .
however, that the reverse effect did not occur. tharmonlcs ought to be. The gap 2—4 variation of experiment

The results of experiment 6 affect our interpretation ofl could be analyzed similarly.
experiment 5. If long-period templates are more effective ~ The integer effect, found in experiment 2, gave addi-
than short, as conjectured in the discussion of experiment 3ional evidence for the influence of a harmonic template be-
then experiment 6 should find a larger pitch shift gradient incause no significant pitch-shifting forces were found for sine
case(a) (200-Hz complex tonethan in caseb) (400-Hz  tones half way between harmonic sites. By contrast, a large
complex tong In fact, this did not occur. Instead, the larger pitch shift gradient appeared, for the same local spectrum,
gradient occurred for the 400-Hz complex tone. Thereforeyhen the sine tone was near a harmonic site.
our interpretation of the frequency effect in experiment 5is  Experiments 3 and 4 led to thproximity and local
that templates are less effective in shifting the pitches ofsymmetnyeffects, which indicated a role for local interac-
higher-frequency fundamentals. tion. These effects are strong enough that any complete

model for pitch shifts must take them into account. These
effects essentially showed that spectral components near the

Il. DISCUSSION AND CONCLUSION mistuned harmonic target are more important in shifting the
pitch of the target than are remote components. This result
suggests a role for peripheral filtering of the kind that is

The pitch matching experiments of this article confirmedalways observed in masking experiments, but it is not clear
that the pitch of a mistuned harmonic differs from its fre- that the effects actually resemble masking. Masking models,
quency and that the shift in pitch exaggerates the frequencgr other local interaction models consistent with the proxim-
difference caused by mistuning. The experiments usedy effect, also tend to predict large average pitch shifts for
computer-generated complex tones with specially tailoredassymmetrical spectra, and these were not observed. Instead,
spectra. The principal goal was to distinguish between twdhe proximity and local asymmetry effects may indicate a
classes of models for the pitch shifts, one based on tonotopiestricted “range of interaction” for a template.
cally local interactions, the other based on a broadband tem- Experiment 5 studied mistuned fundamentals for three
plate. tones with spectra that were identical except for octave scal-

In a local interaction model, either place based or timinging factors. This experiment found that a low-frequency mis-
based, the pitch shifts are attributed to the effect of neightuned fundamental was shifted considerably more than a
boring harmonics. The effects of distant harmonics are imaghigh-frequency mistuned fundamental. We interpreted this
ined to be attenuated by peripheral auditory filters. It is reaobservation as &equencyeffect, which says that a template
sonable to try to apply local interaction models to mistuneds more effective at a low frequency, such as 200 Hz, than at
harmonic pitch because these models have provided a quak-higher frequency, such as 800 Hz. Such a frequency effect
tative account of many other pitch shift effects that occur foris well known in experiments that study the strength of pe-
sine tones when noise or other tones are added to the signabdicity pitch, which has often been attributed to template
(Webster and Muerdter, 1965; Terhardt, 1971; Rakowski andhatching, and it was gratifying to find it in our experiment.
Hirsh, 1980; Burns and Osterle, 1980; Houtsma, 1981; HartAn alternative interpretation for experiment 5 would be that
mann, 1996, 1997 templates with long periods are more effective than tem-

PITCH SHIFT (%)

PITCH SHIFT (%)

A. Outcomes and interpretations
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plates with short periods. However, evidence contrary to thén a mistuned harmonic experiment. Recently, de Cheveigne
latter interpretation was found in experiment 6, which sys-(1997 has proposed a statistical decision theory model that
tematically changed the period of the template. In generalsuccessfully predicts the pitch shift of a mistuned harmonic
experiments 3-5 exhibited larger pitch shift gradients foras a function of the mistuning as measured by Doty. The

lower frequencies. model begins by assuming that a component of a complex
tone can be represented by a distribution of pitch cues on an
B. Caveats and conjectures internal tonotopic coordinate. Pitch cues that are close to a

}parmonic place are perceptually integrated with the rest of

gle complex tone. Pitch cues that are more remote lead to a
@egregated tone. Precisely because they are more remote,
ese pitch cues lead to a pitch shift for the segregated tone.

The experiments reported in this article measured pitc
shifts, defined as the difference between the frequency of
mistuned harmonic and the frequency of a matching sin

tone. A measured shift is, therefore, the change in the pitc o )
Ithough the model in its present version cannot account for

of a sine tone when it is embedded in an otherwise periodi . ; . . .
complex, with the period chosen in such a way that the sin oth the pitch shifts and the high hit rates for mistuned har-
y nonic identification found by Hartmann and Doty, this

tone becomes a mistuned harmonic. To avoid misinterpretén del d © b istent with the pitch shift ef
tion, it is important to note that our experiments did not Mode! does appear o be consistent wi € pich shift et-

measure the change in the pitch of a harmonic as the hap-aCtS reported in the present article.

monic frequency changes from correctly tuned to mistuned.
Therefore, our measured shifts can be interpreted as the pitéh- CONCLUSION
shifts caused by mistuning a harmonic only if it is assumed  \yhen a harmonic of a complex tone is mistuned, the
that the pitch of a correctly tuned harmonic is equal to thenarmonic can be heard out as a separate entity, distinct from
frequency of the harmonic. The preponderance of evidencge complex tone background. Pitch matching experiments
suggests that this this assumption may be valid. In 1971 angho that the pitch of the mistuned harmonic does not agree
1979 Terhardt reported that the pitches of harmonics of §ith its frequency. The shift in pitch is, very reliably, found
complex tone differed from their frequencies. However, X5 pe an exaggeration of the physical mistuning.
tensive experiments by Petezsal. (1983 failed to confirm This article considered two possible kinds of model to
that result. Further, When the zero-frequency-shift data wergqcqunt for the pitch shift. A tonotopically local model at-
extracted from the pitch measurements made by DOtyiipytes the shift to the influence of neighboring harmonics.
(1989, it was found that harmonic pitches were statistically The influence may be the result of partial masking of firing
the same as harmonic frequencies, in agreement with Petéfgie excitation pattern@erhardy or it may stem from alter-
et al. Therefore, it is Ilkely _that our measurements actually 5tions in neural spike timing, as appear in the interspike in-
do reflect the change in pitch as a spectral component bggya histogran(Hartmann—Doty. In either case the effects
comes inharmonic, even though that is not what we meaae restricted by peripheral filtering. A second class of model
sured. Our focus on pitch shift gradient made it unnecessanyyipytes the pitch shift to a contrast between the mistuned
to measure the pitch shift caused by mistungey se harmonic and a spectral pattern in the mind of the listener
The focus on pitch shift gradient has another advantagent serves as a template against which tones are compared.
especially when comparing data to theory. There are pitth 14 ry to distinguish between the two models, pitch
shifts with signal level, even for the. sine-wave matCh'”gmatching experiments were done using special spectra. By
tone, and these effects are included in models such as Tegnanging the spectrum near the mistuned harmonic while
hardt’'s. However, these level effects cancel in the measureﬁaintaining the best fitting templat@xperiment 1 or by

gradient. Therefore, they do not confound the spectral conghanging the template while maintaining the local spectrum
text effects of interest here. o . (experiment 2 we were able to show a dominant role for a
As noted in the Introduction, mistuning a harmonic in &empjate. Scaling the frequency range of the matching ex-
complex tone leads to a shift in the low pité¥irtual pitch  periment showed that pitch shifts tend to vanish for mistuned
of the tone overall as well as a shift in the pitch of the fyndamentals near 800 Hz, similar to the limit for virtual
harmonic. Possibly these two shifts are related. Spemflcallypitch formation(experiment 5 This agreement is expected
it might be imagined that pitch of the mistuned harmonic isit poth the pitch shift and virtual pitch are derived from a
shifted in order to agree with a harmonic of the shifted Vir'template.
tual pitch. This conjecture, however, does not square with  £yrther experiments that maintained the best-fitting tem-
the facts. According to the measurements of Moet@l.  piate while changing the spectrum near the mistuned har-
(1989, changing the frequency of a harmonic by a certainmonic (experiments 3 and)4indicated a role for the local
percentage leads to a change in virtual pitch that is always gnectrum, which altered the details of the pitch shifts but did
considerably smaller percentage. By contrast, changing thgot ypset the basic pattern established by the template com-

frequency of a harmonic leads tdaxger percentage change parison process. In the end, the dominance of the template is
in the pitch of that harmonic. overwhelming.

It seems evident that the pitch shift observed for a com-
ponent t_hat has been perceptually segregated from a Comm%\)&KNOWLEDGMENTS
tone is likely to be closely associated with the process that
segregates the component in the first place. It is the pitch, This work was supported by the National Institute on
after all, that identifies a perceptually segregated componemeafness and Other Communicative Disorders, Grant No.
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