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The nature of the neural processing underlying the extraction of pitch information from harmonic
complex sounds is still unclear. Electrophysiological studies in the auditory nerve and many
psychophysical and modeling studies suggest that pitch might be extracted successfully by applying
a mechanism like autocorrelation to the temporal discharge patterns of auditory-nerve fibers. The
current modeling study investigates the possible role of populations of sustained ctiopppfS

units located in the mammalian ventral cochlear nucl®N) in this process. First, it is shown

that computer simulations can predict responses to periodic and quasiperiodic sounds of individual
Chop-S units recorded in the guinea-pig VCN. Second, it is shown that the fundamental period of
a periodic or quasiperiodic sound is represented in the first-order, interspike interval statistics of a
population of simulated Chop-S units. This is true across a wide range of characteristic frequencies
when the chopping rate is equal to th@ of the sound. The model was able to simulate the results

of psychophysical studies involving the pitch height and pitch strength of iterated ripple noise, the
dominance region of pitch, the effect of phase on pitch height and pitch strength, pitch of
inharmonic stimuli, and of sinusoidally amplitude modulated noise. Simulation results indicate that
changes in the interspike interval statistics of populations of Chop-S units compare well with
changes in the pitch perceived by humans. It is proposed that Chop-S units in the ventral cochlear
nucleus may play an important role in pitch extraction: They can convert a purely temporal pitch
code as observed in the auditory nerve into a tempplate code of pitch in populations of
cochlear-nucleus, Chop-S with different characteristic frequencies, and chopping rates. Thus,
populations of cochlear-nucleus Chop-S units, together with their target units presumably located in
the inferior colliculus, may serve to establish a stable rate-place code of pitch at the level of the
auditory cortex. ©2004 Acoustical Society of AmericdDOI: 10.1121/1.1643359

PACS numbers: 43.64.Bt, 43.64.Qh, 43.66[B&PY Pages: 1207-1218

I. INTRODUCTION properties of the basilar membrane, while temporal explana-
tions seek to show that the temporal resolution of the
Tracking the pitch of periodic sounds is one of the fun-auditory-nerve(AN) response is an adequate basis for pitch
damental tasks of the auditory system. Periodic sounds iextraction. Models using an autocorrelation analysis of
nature are normally harmonically structured. The perceive@uditory_nerve response patterigsicklider, 1959; Lyon,
pitch of the stimulus can typically be matched to a sinusoid1984; Meddis and Hewitt, 19913,bave suggested that pitch
whose frequency is the same as the fundamental of the hagould, in principle, be extracted from the temporal pattern of
monic series £0). This perception persists even when thereactivity in the peripheral input. More direct evidence in favor
is no auditory excitation in th0 frequency region, indicat- of a temporal code for pitch comes from electrophysiological
ing that pitch perception is a synthetic process. The pitchecordings from the cat auditory neryelorst et al, 1986;
percept is also particularly strong when the harmonic com€ariani and Delgutte, 19963;bThey showed that temporal
ponents are well separated relative to the frequency resolvingnalyses such as autocorrelation, when applied to the
power of the cochlea, suggesting that pitch often involves theuditory-nerve temporal discharge pattern, results in a reli-
combination of information taken across a range ofable estimate of the stimulus pitch for a comprehensive set of
frequency-selective channels. Any model of the physiologitest conditions.
cal basis of pitch processing must take these basic facts into  The study to be described below takes this analysis as its
account. starting point, but asks how this temporal information is ex-
Historically, models of pitch perception have champi-tracted physiologically and made available for later process-
oned either spectrae.g., Terhardt, 1979; Goldstein, 1948  ing. Physiological mechanisms that might serve the process
temporal (e.g., Schouten, 1970; Licklider, 196®xplana-  that extracts pitch information from the temporal pattern of
tions. Spectral explanations focus on the frequency-resolvingctivity in the AN have not yet been discovered but may be
located at least partly in the cochlear nucléG#\), the only
aEjectronic mail: lutzw@Imu.de nucleus to receive direct AN input. de Cheveigfi®98
DElectronic mail: rmeddis@essex.ac.uk adopted a temporal approach and proposed that pitch percep-
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tion may involve “an array of delay lines and inhibitory with the same CR but different CFs. This is used as the
gating.” Shamma and Kleir{2000 have suggested a tem- model’s estimate of the strength of a pitch equivalent to the
plate approach based on across-frequency coincidence detdéeR. If pitch strength is estimated at a number of values of
tion. They treat the cochlear nucleus as a second stage co@R, the CR yielding the highest value can be used to predict
taining “a matrix of coincidence detectors that compute thethe pitch most likely to be selected in a psychophysical
average pairwise instantaneous correlation producy be-  pitch-matching experiment.

tween responses from all characteristic frequenc¢@gs Clearly, this model can only represent the first stage of a
across the channels.” Both these approaches are functionalfyuch longer process whereby the synchronization observed
plausible but await direct physiological confirmation. Below in individual Chop-S units is further processed and combined
it will be suggested that the intrinsic membrane properties ofo give a pitch percept. Given that the chopper units are
sustained-chopper cel€hop-S provide a possible basis for thought to project to the inferior colliculus, it is possible that
the transformation of an auditory-nerve, temporal pitch codéhe next processing step is located there. It may involve co-
into a temporalplace code of pitch at the level of the CN. incidence units that are driven when populations of units
This approach is based on the measured physiological ravith similar CF and CR fire in synchrony but not otherwise.
sponses of Chop-S units to pitch sounds, and the model hagewitt and Meddis(1994 have already shown how such
the advantage that it can be tuned to match the physiologicgircuits can convert a change in synchrony into a rate
responses. Of course, it remains the case that the autocori@iange. However, the present modeling study is only con-
lation analysis that has proved successful at the level of theerned with the processing observed at the level of the co-
AN would also work at the level of the cochlear nucleus,chlear nucleus. The model is intended to demonstrate that the
given that many units preserve the fine-structure informatiorctivity of the chopper units provides an adequate basis for
that is present in the AN. However, this would still leave thelater stages of pitch processing. It is already clear that
question as to how this autocorrelation is performed and aguditory-nerve activity supplies an adequate basis for pre-
what level in the nervous system. dicting psychophysical pitch judgmentsiorst et al,, 1986;

The cochlear nucleus contains different cell types thafcariani and Delgutte, 19963,bThe aim of this study is to
can be separated both anatomically and in terms of theiove forward to the next stage by identifying Chop-S units
electrophysiological response characteristBgckburn and ~ a@s the most likely carrier of pitch information by virtue of
Sachs, 1989 Shofner(1991, 1999 showed that primarylike their ability to synchronizeselectivelyto particular pitches.
units in the chinchilla ventral cochlear nucleus were well This selectivity converts the temporal code found in the au-
able to represent the period of rippled noise and iterateditory nerve to a temporaplace code in the cochlear
rippled noise in their temporal discharge patterns. Wiegreb8Ucleus. As such, it makes a unique and important contribu-
and Winter(2001) and Winteret al. (2001 have suggested tion to pitch processing in the auditory brainstem.
that Chop-S units in the ventral cochlear nucl&4€N) may
play a role in pitch perception: Chop-S units are characterll. SIMULATIONS
ized by a regular response pattern in response to pure tongs
at their CF(Young et al, 1988. More recently, it has been
shown that the temporal discharge pattern becomes mork Model structure
regular when a Chop-S unit is stimulated with a periodic ~ The computer model incorporated the Chop-S model of
stimulus whos€f0 is near the unit's intrinsic chopping rate Hewitt et al. (1992. Other model§Ghoshalet al,, 1992; Lai
(CR, Winteret al, 2001; Wiegrebe and Winter, 200TThis et al, 1994 could have been used, and it is not expected that
selective enhancement of regularity is the focus of the modehey would yield fundamentally different results. The input
to be described. to the Chop-S model used recently updated models of the

The model consists of a large number of simulatedauditory periphery. Two different peripheral models were
Chop-S units organized according to their CF and CR. Arused: one for the guinea pig when modeling physiological
ensemble of units with the same CR, but spread across CFsbservations and one for humans when modeling psycho-
is called a “Chop-S population.” Each Chop-S population physical data. The models consisted@fa system of band-
will synchronize its activity to thé0 of the input stimulus if  pass filters designed to simulate the effect of the outer- and
the fO is close to the CR of the Chop-S population. Themiddle ear;(b) a dual-resonance, nonlinear filterbank with
important feature of Chop-S units is that this synchronizatiorparameters set to match properties of the guinedd&pdis
to fO does not only occur in Chop-S units that are spectrallyet al, 200J); (c) mechanical to electrical transduction in the
tuned tof 0 but also in Chop-S units that are spectrally tunediHC; (d) IHC-auditory-nerve(AN) synapse(Sumneret al,,
to integer multiplegsharmonics$ of f0. Information about the 2002); (e) AN spike generation sufficient to give 15 indepen-
fO of the input is therefore distributed across all choppingdent fibers with the same CF to each Chop-S uiijt;the
units in terms of the amount of synchronization present inapplication of a 0.75-ms refractory time; atg) Chop-S unit
each, i.e., a synchronization/place code. This synchronizatiodendritic filtering using a first-order low-pass filter with a
is quantified in the model as its normalized CR-locked raterutoff frequency of 300 Hz.
its computation is described below. A global estimate of the ~ The Chop-S units were modeled using the algorithm
amount of synchronization to a particular fundamental fresuggested by MacGreg@i987). Fifteen input fibers were
guency can be found by averaging the normalized CR-lockedsed because recent physiological investigations have re-
rate across a Chop-S population, i.e., across the Chop-S unitgaled that the 60 fibers suggested in Hewitial. (1992

Simulations of electrophysiological recordings
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Recording 3. Responses to complex tones

o150 04 Hewitt et al. (1992 showed that simulated Chop-S units
% A 3 02 A hMﬁ " were able to predict the response characteristics of recorded
%100' ‘ Chop-S units when stimulated by sinusoidally amplitude
3 20 60 modulated(SAM) tones. In our study, the refined Chop-S
g %0 Time (ms) | model was tested with an extended set of stimuli including
= iterated rippled nois€lRN) and harmonic complexes. The
0t individual tone components of the harmonic complexes were
Simulation added in either cosine pha&ePH) or random phaséRPH).
1507 : The IRN stimuli were generated in an add-same configura-
o 0.4 tion (Yost, 1996a They are designated “IRNS(g,n)”
£ ol B |3 0.2 WWWM where “d” is the delay in ms, 9" is the linear gain in the
s delay loop, and h" is the number of iterations. Both RPH
g 50 40 60 complexes and IRN stimuli were refreshed for every presen-
3 ’ Time (ms) tation for both recording and simulation. Tié (equivalent
0 b ‘ to the IRN delay reciprocaranged from 31.25 to 1000 Hz.
0 20 40 60 80 100 Responses were typically obtained using 25 repetitions
Time (ms) of 409.6-ms stimuli generated with 20-ms, raised-cosine

FIG. 1. Comparison of responses of a recorded Chop-S unit with a CF of famps at a sampling rate of 20 kHz. The presentation level
kHz and a chopping ratéCR) of 250 Hz (A) and its simulation(B) in was set so that neural rate responses were always well above
response to 250 repetitions of 50-ms CF tones at 50 dB above thresholghreshold. First-order interspike interval histograttsIHs)

Peristimulus time histograms are shown(m) and (B); the coefficients of in response to periodic sounds are shown in Fig. 2. Abeles
variation(CV) based on a regularity analysis are shown in the figure insets.

Note that the simulation captures the main features of both the PSTH an@_—98.3 introdgced a method t.O quantify interSpik? .interva|
the regularity analysis. distributions independent of binwidth and overall firing rate.

The method is easily implemented by dividing the number of
may be too many. Ferragamet al. (1998, usingin vitro intervals in a bin of an interspike interval histogram by the
technigues, estimated that at least five AN fibers converge ofroduct of binwidth and the overall number of interspike
the dendrites of VCN stellate cells. We found that five inputintervals. Al ISIHs presented here are expressed in terms of
fibers were too few to generate realistic simulations of ouffifing rate as suggested by Abel982. The recorded unit
animal data. The CF of the simulated Chop-S unit is deterN@s a CR of 250 Hz and is the same unit as shown in Fig. 1.
mined by the center frequency of the cochlear filter drivingThe figure is arranged with animal ISIHs in the left three
its input AN ﬁbers; the CR of the unit was manipu|ated by columns and the model ISIHs in the rlght three columns. The
changing the potassium recovery time constadewitt three columns represent the response to IRN, RPH, and
et al, 1992. CPH, respectivelyi=0 increases from bottom to tdgee the

All model parameters can be obtained frofttp:// central column For all stimuli except the CPH with lower
www.essex.ac.uk/psychology/hearinglab/mogddise model f0’s, the ISIHs of both animal data and model response show
was implemented using publicly available computer codedt Pronounced mode around 4 ms, regardless of @hef the
modules in the Development System for Auditory Modelling Signal. This reflects the intrinsic chopping of the unit. How-
(DSAM) library (footnote 1. The DSAM modules were €Ver, this mode becomes taller and thinner whenftheof
called fromMATLAB programs that generated the stimuli andthe signal is the same as the CR of the (280 Hz; equiva-

analyzed the response of the modeled Chop-S units. lent to a chopp?ng period of 4 ms
The electrophysiological recordings shown here are  Note that simulated responses to CPH tones show some
taken from the study by Wintest al. (200). deviations from the physiological data. Specifically, the ISIH

shows some temporal fine structure which is absent in the
recorded data. The lack of fine structure in the recorded data
may result from the influence of temporally random inhibi-
The parameters of the model were tuned so that théon, as suggested by Lat al. (1994).
model generated pure-tone responses as similar as possible Overall firing rate responses for the same recordings and
to those recorded in guinea pig in an earlier stidyinter  simulations are shown in Fig. 3. For IRNS and RPH stimuli,
et al, 2001; Wiegrebe and Winter, 200Figure 1A) shows rate responses are largely independent of fitbgfine and
the peristimulus, time-histogratPSTH of a Chop-S unit  strong continuous lings This result agrees with previous
with a CF of 3 kHz to 250 repetitions of 50-ms CF tonesobservations on modulation tuning in chopper uigsina
presented at 50 dB above unit threshold. Figui®) shows et al, 1990a,b. However, with CPH stimulation alone
the PSTH response of the model to the same stimulus. Thi@ashed lines both the recordings and simulations show a
figure insets show the coefficient of variati¢@V) of the  pronounced increase in the rate response with incred€ing
responses. The CV is computed by dividing the standard dePH closely resemble click trains. At very loW0’s, the
viation of the interspike intervals by its meéBlackburn and  Chop-S unit responds with a single spike per click. As these
Sachs, 1980 Both animal and model data have an averagebecome fewer with decreasing0, the rate response de-
CV close to 0.2. creases.

2. Response to best-frequency pure tones
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FIG. 2. Interspike interval histogramgSIHs) of the
3-kHz Chop-S unit and its simulation as shown in Fig.

1 in response to harmonic complex tones and iterated
'\. rippled noise. The stimulu0 (=1000/delay for

IRNS) is given in the middle column. Stimuli were ei-
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|

ther IRNS@,1,16), random-phase harmonic complexes
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| of the ISIHs is scaled in terms of firing rate after Abeles
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Frisinaet al. (1990a,b used amplitude modulated pure quency for only a narrow range of modulation frequencies. A
tones to demonstrate bandpass modulation tuning functior@milar phenomenon can be demonstrated with IRN stimuli
in VCN chop-S units. This shows that the Chop-S unit syn-but a different method of analysis is required to show it,
chronized its discharges with the stimulus modulation fre-because IRN and RPH stimuli are not amenable to synchro-
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nization analysis. This is because their phase spectrum is
random and, for IRN stimulation, the phase spectrum is also
time variant. Thus, any analysis of regularity or synchrony
with this kind of stimulation must be primarily based on
interspike interval statistics.

Shofner(1999 quantified changes in the height of the
first peak in the neural autocorrelograf@quivalent to an
all-order, interspike interval analysissing the formula

. er F'zave
Normalized, CR-locked rate ————,
Rave

whereR, equals the ISIH firing rate at an interspike interval
corresponding to the CR of the unit aRg,. equals the ISIH
firing rate averaged across all interspike intervals. As the
ISIH firing rates are independent of binwidth and overall
firing rate (Abeles, 1982 also the normalized, CR-locked
firing rate is independent of these parameters. We use the
same measure of peak height here. Note, however, that, un-
like in Shofner(1999, peak heights were calculated based
on a first-order ISIH analysis, not on an all-order ISIH analy-

FIG. 3. Overall firing rate responses of the recording shown in Fig. 2. Notesis. A first-order ISIH analysis was preferred because Winter

that both in the recordingA) and the simulatior(B) the rate response is
independent of the stimulus0 when the stimuli were IRNS or RPHine
and strong continuous linedWith CPH stimulation(dashed lines however,
the rate response increases with increasifgbecause of the transient pe-

riodic envelope fluctuation of the CPH.

1210 J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004

et al. (2001 showed that the bandpass tuning to a specific
range off0’s is demonstrated only with a first-order ISIH
analysis. Binwidths of 25@s are used throughout the whole
body of this paper.
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Recording; Type = Chop-S; CF = 1000 Hz Simulation; Type = Chop-S; CF = 1000 Hz

62.5125 250 5001000

IRN O (Hz)

62.5125 250 5001000

IRN 0 (Hz)

20+ 20dB 20 M
0 0
20 25dB 20 25dB
FIG. 4. Normalized CR-locked rate as a function of
) ® stimulusf0. The stimuli were IRNS{,1,16), whered
B 30dB ] 30dB f
ﬁ 20 § 20 /\’AA equals the 0 reciprocal. Recorded responses are shown
‘B V\/\/\/ 2 in the left column; simulated responses are shown in the
2 2 right column. The attenuation of the sound-pressure
= & level of the stimulus is given in the individual panels.
@ 20 35dB 20 35dB Note that when the IRN$0 matches the chopping rate
o M/\/\/ 2 of the unit (250 H2, there is a clear peak in the nor-
8 8 malized CR-locked rate. Moreover, the position of this
o P peak is not affected by the sound-pressure level of
o 20 40 dB S 20 40 dB stimulation. Thus, this measure is quite stable against
£ g . changes in sound-pressure level. A secondary peak is
° ——e N S observed when the IRNS0 is 500 Hz, i.e., twice the
chopping rate. This feature of Chop-S units is discussed
i .
20 45dB 20l 4548 n Sec
20t S0dB 200 50dB

The normalized, CR-locked rate is shown as a functiorchophysical data. First, the peripheral model was changed to
of fO in Fig. 4. The stimuli were IRN${(,1.16). Again, match that of human listeners. Second, the model was ex-
analyses of the guinea-pig recordings are shown in the lefpanded to included populations of Chop-S units with a wide
column; analyses of the simulated responses are shown in thhange of CRgabout 100 to 550 Hz The outer- and middle-
right column. The recorded and the simulated unit was aar transfer function was modified to fit the human outer- and
Chop-S unit with a CF of 1000 Hz and a CR of 250 Hz. middle-ear transfer functioriGlasberg and Moore, 2002
Different rows represent different stimulus attenuations asochlear processing was implemented with a filterbank con-
shown in the panels. Note that the normalized, CR-lockedisting of dual-resonance, nonlinear, bandpass filters fitted to
rate always shows a pronounced peak when the IRBIS explain human forward-masking measuremeriiopez-
matches the CR. Moreover, this peak is stable over the 30-dBoveda and Meddis, 20R1The filterbank consisted of 20
range of sound levels tested and it is similar in the recordingionlinear filters with CFs equally spaced on a logarithmic
and the simulation. These data reflect the previous findindrequency axis between 200 and 6000 Hz. The simulated
that Chop-S units provide a selectivity f6@ which is inde-  Chop-S units form populations of Chop-S units where each
pendent of sound level when the unit is in saturationpopulation is determined by its common CR. A population
(Wiegrebe and Winter, 2001A secondary peak is seen at an consists of 20 Chop-S unitge., one per filterwith a com-
fO of 500 Hz, i.e., when the IRNSO is twice the CR. This mon CR and CFs determined by the center frequencies of the
secondary peak reflects the fact that a Chop-S unit is capab&uditory filters. In other respects, the model is identical to
to lock onto an integer multiple of its input period. This is a that used to simulate the physiological recordings.
possible neurophysiological foundation of octave confusions
observed psychophysically. This topic is discussed in Sec.

. 2. Simulation paradigm

Unless otherwise stated, simulated responses are based
on 25 repetitions of 409.6-ms stimuli presented at 40 dB
above rate threshold. Stimuli are always windowed with
20-ms raised-cosine gates. Again, data are analyzed in terms

Psychophysical studies of pitch perception have emef the Chop-S first-order ISIH scaled as suggested by Abeles
ployed many different kinds of stimuli. The response of the(1982. Binwidth was always 25Q:s. The dependent vari-
model will now be evaluated using some of these stimuli. Itable is the normalized CR-locked rate produced by a stimu-
was necessary to make two major changes to the model ilus. The model implies that the normalized CR-locked rate
order to make it suitable for evaluation against human, psyreflects the perceived pitch strength, while the pitch itself is

B. Simulations of pitch phenomena in populations of
Chop-S units

1. Model structure

J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004 L. Wiegrebe and R. Meddis: Periodic sounds in simulated chopper units 1211



—— Pitch Strength (Arb. Units) 2
ﬁ 301 Norm. CR-locked Rate e &
k: 3
% 20 3§ 60
z = A
G © 40
£ §
=4 =
0 20
12 4 8 18 FO = 200 Hz
Number of Iterations
[
FIG. 5. The change of pitch strengtfine line; after Yost, 1996band & 80
normalized CR-locked ratéstrong ling as a function of the number of 3
iterations of IRNS(5,h). The normalized CR-locked rate was averaged "é 60
over an array of 20 Chop-S units with CFs between 200 and 6000 Hz and a o B
CR of 250 Hz. The data indicate the linear relationship between normalized o 40
CR-locked rate and the perceived pitch strength. £ /\
2
. . . . 20
reflected in a distributed manner in terms of which popula- FO = 400 Hz
tion of Chop-S units shows the strongest normalized CR- o
locked rate. S 80
®
3. Simulation 1: The representation of the pitch E 60
strength of IRN E:') C
. . 40
Yost (1996h showed that the pitch strength of IRN can £ M
be predicted using the height of the first major peak in the 2 20
autocorrelation function of the stimulus waveforml(). 200 500 1000 2000 5000
Specifically, the perceived pitch strength is proportional to B Unit CF (H2)
10 raised to the power d¢f1. The Chop-S model is evaluated § B — Ritsma (1967)
by measuring the normalized CR-locked rate to IRN stimuli S @ — Simulation
with different pitch strengths. The growth of the normalized é 7 D
CR-locked ratdaveraged over a population of Chop-S units g5
is plotted against the number of iterations for both Yost's £ 3 Q
function and the mod€lFig. 5). For this demonstration, the £ 4
O
(=]

Chop-S units are spread over a wide range of CI9 to 100 200 200

6000 Hz but CRs were fixed at 200 Hz, equal to the IRN Nominal 0 (Hz)

delay reciprocal. Thus, the stimuli were IRNS(B)1,where

n, the number of iterations, was 1, 2, 4, 8, and 16. The ﬁné:IG_. 6. Simulated neural correlates of the dc_Jminance region qf pitch: Nor-
line in_ Fig. 5 represents Yost's estim_ate of pitch strength of;ﬂﬁdagﬁgﬁﬁgnrff uor:itaCCFh;Ap;Stop(ocp)u:g:',g%,t; 2?‘18%}2%3}'253“30
the stimulus, based ohl, as a function of the number of p, respectively. Note that the low harmonics always produce the strongest
iterations. The strong line show the normalized CR-lockechormalized CR-locked rate. From these data, the center of dominance is
rate averaged across an array of simulated ChOp-S units. qglc_ulated as describgd in the text. The predict(_ad dominant harmonic num-
can be seen that the normalized CR-locked rate for a pop?" 'S Shown along with the data of Ritsr(967 in (D).
lation of simulated Chop-S units grows in proportion with
Yost’s estimate of perceived pitch strength. This is an impor-,

f f th lized CR-locked b 7 stimulus was a harmonic complex consisting of all 12 un-
tant feature of the normaiize -locked rate because It imp, ,jiieq harmonics. Listeners were asked to judge whether

plle§ that the measure can b.e used gddmvely when it 'S Nihe test stimulus was higher or lower in pitch compared with
vestigated how dlffer(_ant un|t§ coptnbute to overall P'tChthe reference stimulus. The center of dominance corresponds
s_trength. The feature is exploited in the subsequent smulqb that harmonicn, which, when assigned either to the lower
tions. FO or to the higherFO in the test stimulus, results in a
change in the listener’'s decision. However, this does not
4. Simulation 2: The dominance region of harmonic mean than is the strongest harmonic; it means that the ag-
sounds gregated pitch strength of harmonics 1rtds equal to the
For simple harmonic complexes, Ritsii67) showed aggregated pitch strength of harmonits 1 to 12 (Plomp,
that it is the low harmonics that contribute most to pitch1976.
strength. He asked listeners to match the pitch of a reference The same stimuli were used in an evaluation of the cur-
stimulus to that of a test stimulus. The test stimulus was aent model. Normalized CR-locked rate in a Chop-S popula-
harmonic complex manipulated so that harmonics Into tion with a CR equal td-0 is shown as a function of unit CF
were shifted down to be based on a lowiEd (FO_low  for 12 harmonics of0’s of 100, 200, and 400 Hz in Figs.
=0.9"F0) and harmonics+ 1 to 12 were shifted up to be 6(A) to (C), respectively. The center of dominance is deter-
based on a highef0 (FO_high=1.1F0). The reference mined by that specific CF where the integrated, normalized
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FIG. 7. Normalized CR-locked rate averaged across a population of Chop-8!G. 8. Normalized CR-locked rate averaged across two Chop-S popula-
units with 20 CFs between 200 and 6000 Hz and a CR of 200 Hz intions (one with a CR of 100 Hz, solid bars, and one with a CR of 200 Hz,
response to harmonic complexes with BA of 200 Hz. Harmonics are  open barsin response to spectrally unresolved harmonics 16 to 26 &fan
added either in sine phagsolid barg or in Schroeder phas@pen bars of 100 Hz. Harmonics were added in either cosine phase or alternating
The left two bars show the normalized CR-locked rate averaged across phase. The unresolved cosine-phase harmonics produce a strong, normalized
series of low harmonicshll—h11); the right two bars show normalized CR-locked rate in the Chop-S population tuned to 100 Hz and almost no
CR-locked rate averaged across high harmonic6¢h26). In agreement normalized CR-locked rate in the Chop-S population tuned to 200 Hz. The
with the perception of pitch strength, the normalized CR-locked rate jsunresolved alternating-phase harmonics produce normalized CR-locked rate
strong and phase independent for the resolved harmonic complexe®f similar amount in both the 100-Hz Chop-S population and in the 200-Hz
(h1-h11), and it is generally weaker for high complexdsl§—h26). population.

Moreover, as in the perception, the normalized CR-locked rate for high

Schroeder-phase complexes is slightly weaker than for high sine-phase COP-R-locked rate caused by high harmonics. This finding is in
lexes. . Lo

plexes agreement with Houtsma and Smurzynski990, who

. . showed thaFO0 difference limenga psychophysical measure
CR-locked rate below this CF equals the integrated, normalas itch strength are better for low harmonics than for high
ized CR-locked rate above this CF. The resulting CF is cony,5-monics.
verted to harmonic number and plotted in FigD§ as a Moreover, for high harmonics, the simulations show a
function of the stimulus-0 (strong ling. The data show that g ajier normalized CR-locked rate for Schroeder-phase
th.e simulated center of dominance matches the data bé’omplexes than for sine-phase complexes. Several repeti-
Ritsma (1967 reasonably well. tions of the simulations showed that this difference is highly

significant. Again, this is in agreement with Houtsma and

5. Simulation 3: The influence of phase on pitch Smurzynski(1990 because they showed that pitch strength
strength (quantified asFO difference limenswas slightly stronger

Houtsma and Smurzynskl990 investigated the extent when high h_armonics were gdded in sine phase than when
to which the pitch strength of harmonic complexes depend§igh harmonics were added in Schroeder phase.
on the phase relations between the harmonics. They mea-
sured frequency difference limens to obtain a quantitatived- Simulation 4. The influence of phase on the pitch
measure of pitch strength. The influence of phase was me&! 1armonic complexes
sured for a set of low harmoni¢s—11) as well as for a set of Pattersor(1987 and Shackleton and Carly@h994) in-
high harmonics(16—26. Houtsma and Smurzynskil990  vestigated the pitch of harmonic complexes where the har-
found that for a set of low harmonics pitch strength wasmonics were added either in cosine phase or in alternating
high, and the phase relation between the harmonics did ngthase(odd-order harmonics have a phase of 0°; even-order
influence pitch strength. For a set of high harmonics, pitctharmonics have a phase of 9@% a function of whether their
strength was generally much lower, and the pitch strength disteners could resolve the individual spectral components.
harmonics added in sine phase was slightly stronger thamhey found that when harmonics were added in cosine
when the harmonics were added in Schroeder phase. Addinghase, the perceived pitch correspondd$-t regardless of
harmonics in Schroeder phase minimizes the amplitudevhether the harmonics were spectrally resolved or unre-
modulation of the waveform envelope, whereas sine-phassolved. However, when the harmonics were added in alter-
harmonics result in a “peaky” waveform. When simulating nating phase, the perceived pitch correspondsGanly for
their experiment, harmonic complexes consisted of either 1%pectrally resolved harmonics. Spectrally unresolved har-
low harmonics 1 to h11l) or 11 high harmonicsh(l6é to = monics added in alternating phase produce a pitch that
h26). FO was set to 200 Hz as used by Houtsma andmnatches to EO.
Smurzynski(1990. Simulated neural output was obtained For the simulation, stimuli consisted of harmonics 16 to
from 25 repetitions of 409.6-ms stimuli. The simulated 26 of a harmonic complex with aR0 of 100 Hz and added
Chop-S population had a CR of 200 Heorresponding to in either cosine phase or alternating phase. Neural responses

the FO of 200 H2. were obtained for two Chop-S populations, one with a CR
The normalized CR-locked rate averaged across uniéqual toF0O and one with a CR equal toFD.
CFs is shown for low harmonicsh{ —h11) and high har- Normalized CR-locked rate averaged across each

monics (16—h26) added in either sine phad#éled barg or ~ Chop-S population is shown in Fig. 8. In the Chop-S popu-
Schroeder phas@pen barsin Fig. 7. As expected from the lation tuned toF0= 100 Hz(solid bar$, the normalized CR-
previous simulation, the normalized CR-locked rate causetbcked rate is stronger for the unresolved cosine-phase har-
by low harmonics is considerably larger than the normalizednonics than for the unresolved alternating-phase harmonics.
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FO = 200 Hz, Chopping Rate = 200 Hz
° - FIG. 10. Simulation of pitch shifts produced by inharmonically shifted com-
5 80 _ gft):rl::ti?g‘assase plexes. The spacing of the five harmonics was always 200 Hz. The lines
39 shows the pitches matched after de BGE®56 as a function of the fre-
§ 60 l guency of the central componefthe carrie). The open circles indicate the
= 40 CR of that Chop-S population which produces the strongest, normalized
O CR-locked rate in response to the complex.
5% B
0 sensitivity: Frisinaet al. 1990a,b. However, the envelope of

200 500 1000 2000 5000

Unit CF (Hz) the waveform of a harmonic complex is not affected by in-

harmonic shifts. Thus, the pitches evoked by inharmonic
FIG. 9. Normalized CR-locked rate as a function of unit CF for harmonic complexes appear to represent a special challenge for a
complex_es added ip either cosine phédBee Iipes) or alterna'ting phase model of pitCh based exclusively on ChOp-S units.
(strong line$. The stimulus=0 and the population CR were either 100 Hz h . . .
(A) or 200 Hz(B). Note that the normalized CR-locked rate to spectrally The first simulation is an attempt to reproduce the data
resolved harmonics is phase independent. The CF at which neural responsebtained by de Boe{1956. He asked listeners to match the
start to become phase _sensiti(mrows is at a fixed harmonic number pitch of a carrier tone amplitude modulated with the sum of
(about 10, and not at a fixed frequency. a 200- and 400-Hz tone. This results in a harmonic complex
with five harmonics and a harmonic spacing of 200 Hz. The
In the Chop-S population tuned 0=200 Hz (open barg  overall position of the five harmonics depends exclusively on
the unresolved cosine-phase harmonics generate no norméthe frequency of the carrier tone. When the frequency is an
ized CR-locked rate, whereas the alternating-phase stimuinteger multiple of 200 Hz, the resulting complex is har-
generate a normalized CR-locked rate that almost equals thatonic; otherwise, it is inharmonically shifted by the signed
for the Chop-S population tuned to 100 Hz. difference of the carrier frequency and the nearest multiple
Shackleton and Carlyof1994 also showed that the per- of 200 Hz. The matching results by de B@&B56 indicated
ceived pitch does not depend on the absolute frequency réhat when a shift of-80 Hz was applied, listeners matched a
gion (low vs high frequencybut on the harmonic number pitch of about 173 Hz. With increasing shift, the pitch match
(low vs high harmonigs To verify, if this was the case for increased and reached a value of about 214 Hz for an inhar-
the Chop-S model we calculated the normalized CR-lockednonic shift of +80 Hz. Moreover, the pitch matches were
rate for cosine-phase complexes and alternating-phase cor@ircular in that a further increase of pitch shift #6100 Hz
plexes withF0’s of 100 and 200 Hz with both resolved and and beyond resulted in a jump of the perceived pitch from
unresolved harmonics. The normalized CR-locked rate of @bout 230 Hz back down to 170 Hz. The magnitude of the
Chop-S population tuned to 100 Hz in response to a 100-Hpitch shifts tends to decrease with increasing harmonic num-
harmonic complex as a function of unit CF is shown in Fig.ber of the carrier frequencysee also Moore and Moore,
9(A). Chop-S responses are phase independent up to aba2@03.
1000 Hz(arrow). The same plot is shown for &m0 of 200 The simulation paradigm investigates the representation
Hz and a Chop-S population tuned to 200 Hz in FigB)®  of such an inharmonic, five-component complex in 11 dis-
With this FO, the phase sensitivity starts at about 2000 Hzcrete Chop-S populations with CRs between 170 and 235
i.e., at about the same harmonic num), not at the same Hz. Inharmonic shifts matched those produced by de Boer
frequency. (1956. TheFO was 200 Hz. The normalized CR-locked rate
These simulations show that the Chop-S model is insenwas calculated for each Chop-S population in response to an
sitive to the phase of spectrally resolved harmonics and it isnharmonic complex with each of the inharmonic shifts. Fig-
sensitive to the phase of unresolved harmonics. Thus, it praire 10 shows the CR of that Chop-S population which pro-
duces predictions of pitch in qualitative agreement with theduced the strongest normalized CR-locked rate for each in-
psychophysical data of Shackleton and Carlyd894). harmonic shift. Simulation resuli®pen circley are plotted
together with the results of de Bo&r956.
) . S ] ] Yost (1997 investigated the pitch of IRN when the IRN
7. Simulation 5: Inharmonic pitch  shifts and pitch gain is negativécorresponding to a delay-and-subtract algo-
ambiguity rithm instead of delay-and-afdA negative gain results in a
The pitch shifts and pitch ambiguity resulting from in- shift of all spectral peaks in the IRN stimulus by a frequency
harmonic complexe&onsisting of equally spaced but inhar- corresponding to half the delay reciprocal, @.5This results
monic componenjshave strongly influenced modern theo- in a stimulus spectrum similar to an inharmonic complex
ries of pitch perception. Chop-S units have classically beemwith a frequency shift equal to half th€0. Yost (1997
regarded as sensitive to the waveform envel@gpedulation  showed that the pitch of IRN with negative gain depends not
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tions in doublings. Normalized CR-locked rate averaged over a population B — f0 =163 + 202 Hz
of Chop-S units is shown with a population CR of @.9180 Hz), E 40 B
0.5Md (100 Hz), and 1 (200 Hz). IRNS with negative gain produces a o H
pitch of 0.98 or 1.1d for a low number of iterations and a pitch equal to o A
0.5d for a high number of iterations. In qualitative agreement with this £ 20 Y g
r a high nu g g : £ NN
perception, normalized CR-locked rate for a Chop-S population tuned to P4 S
0.94 is strongest for a low number of iterations but, with increasing number 0
of iterations, the Chop-S population tuned to @.Starts to produce the
strongest, normalized CR-locked rate. Note, however, that the change in ® 80
perceived pitch occurs typically between 2 and 4 iterations, whereas the S delta f0 = 12 %-- f0 = 160 Hz
crossover of the rate functions occurs between 8 and 16 iterations. The - 60 o ;8:?23 l:lz202 H
reason for the deviation between the experimental data and the simulations £ TR z
probably lies in the different values of the normalized CR-locked rate in § 40 C
response to white-noise stimyhorizontal lines on the left Compensation 5
of these different offsets would result in an improved fit to the experimental g 20
data. zzs

. . ) 110 135 163 202 294
only on the IRN gain but also on the number of iterations. Chop-S Population Chopping Rate (Hz)

With one or two iterations, listeners matched pitches corre-
sponding to 1.d or 0.9H. whereas with a high number of FIG. 12. Segregation of concurrent pitches in Chop-S populations: Normal-

. . . . ized CR-locked rate responses are shown as a function of the population CR
iterations, listeners tended to match a pitch equal tod0.5/ when stimulated with either of two harmonic complexes or their sum. The

Simulations were performed using IRNS{5,n) wheren, dashed lines show responses to the lower of thefis; dotted lines show
the number of iterations, is variable. These stimuli wouldresponses to the higher of the tfi@'s. Solid lines show the responses to the
produce a pitch corresponding to 200 Hz if a positive gainSUL“ of the two complexes. Note that when ﬁﬁ')ad(_eviation.is 50°/¢(A0) or
were used. Populations of Chop-S units with three differeng?? (B) the two pitches are well resolve@olid lines. With a 12%f0

deviation(C) a bimodal distribution of the estimated pitches is not found,
CRs were used. These CRs were equal tod0.0/5d, and  4jthough the spacing of the population CRs was halved comparéd tnd
1/d. Figure 11 shows the normalized CR-locked rate aver{B).

aged across each population for the three populations as a ) )
function of the number of iterations. sisting of twof0’s. When thefO difference was four semi-

For a low number of iterations, the Chop-S populationtones, the listeners provided bimodal pitch matches, i.e.,
with a CR at 0.9 shows the strongest normalized CR- sometimes they matched the lower pitch and sometimes they
locked rate(solid line). With increasing number of iterations, Matched the higher pitch. This performance indicates the lis-
the normalized CR-locked rate of the Chop-S populatiorfeners’ ability to “hear out” each of the twé0’s. The fol-
with a CR of 0.5d grows fastest. For 16 iterations, the lowing simulation investigates the extent to which the
Chop-S population with a CR of 0db/shows the strongest Chop-S model is capable to segregate two simultaneously
normalized CR-locked rate. The Chop-S population with gpresented harmonic complexes. The stimuli consisted of
CR of 14 shows only a weak, normalized CR-locked rate. CPH with either a lowef0 or a higherfO or the sum of the
This latter population produces the strongest normalized CRWO CPHs. Averaged, normalized CR-locked rates were ob-
locked rate when the gain is positivef. Fig. 5. Note that  tained for populations of Chop-S units with closely spaced
for this population, the normalized CR-locked rate is belowCRs in the range surrounding the t#0'’s. Simulation re-
that obtained for white-noiséaperiodi¢ stimulation (short ~ Sults are shown in Fig. 12. For & difference of 50% or

horizontal lines on the left 24% (A) and (B), the simulations reveal a clear peak in re-
sponse to each single complex and a bimodal distribution in

8. Simulation 6: The segregation of concurrent response to the sum of the two CPHs. Withféndifference

pitches of 12% [Fig. 12C)], there is no clear bimodal distribution

Assmann and Paschdll998 investigated the extent to despite the fact that the spacing of the CRs was halved com-
which listeners can match the pitch of each of two vowel-pared to Figs. 1) and(B).
shaped harmonic complexes as a function of the separation
of the fO’s of the two complexes. They found that when the!ll: DISCUSSION
fO difference of the vowels was below four semitones The simulations demonstrate that the normalized CR-
(24%), listeners matched a single pitch to the complex condocked rate measure applied to a model of VCN Chop-S units
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FIG. 13. Comparison of the interspike interval histograms of a simulate:
auditory-nerve fibefA) and a Chop-S unitB). Stimuli were either white
noise(strong lineg or a random-phase harmonic comp(&PH) with anF0

of 250 Hz(fine lineg. Note that both in the simulated auditory-nerve fiber

and in the simulated Chop-S unit, the RPH leads to a redistribution if inter:

spike intervals in favor of the intervals equal to the stimulus pefiedtical

auditory-nerve representation of this third harmonic will
show very little amplitude modulation correspondingfta
Instead, the Chop-S unit will receive an auditory-nerve input
with a dominant periodsummed across all auditory-nerve
fibers converging on the Chop-S unitf 1.33 ms, the recip-
rocal of 750 Hz. The important function of the Chop-S unit is
that it is capable to skip input spikes and lock onto an integer
multiple of the 1.33-ms period. It will choose a period which
is most suitable for its CR. Thus, the Chop-S unit will fire
with a highly regular interspike interval of 4 ms, which
means firing on every third input maximum. Thus, a Chop-S
unit is capable to “interpret” the 750-Hz not as a 750-Hz
pure tone but as being the third harmonic off@nof 250 Hz
even if the unit has no indication that the 250-Hz component
4s actually present.
The simulations described above indicate that assem-

blies of Chop-S units may supply a useful neural representa-
tion of pitch information. However, Chop-S units are just one

dashed lines compared to white-noise stimulation. However, the degree ofOf @ variety of cell types found in the CN. Primarylike units
this redistribution, quantified as normalized CR-locked rate, is much highehave been shown to transmit the highest temporal precision

in the Chop-S unit compared to the auditory-nerve fiber.

of neural discharge. Their firing characteristics are very simi-
lar to those of auditory-nerve fibers, which have been shown

can reflect the strength of pitch percepts observed in a wid_Eo represent a reliable pitch code in their all-order interspike

range of psychophysical studies. The demonstrations prese

a prima facie case that Chop-S units may play a role in

W[Iervals(Horstet al, 1986; Cariani and Delgutte, 1996a,b
The special advantage of Chop-S units is that they are nar-

transmitting pitch-related information to higher stations in"oWly tuned in terms Of which fundamental frequencigs pro-
the nervous system. The model can simulate responses tod4Ce @ strong, normalized CR-locked rate. Other unit types
variety of pitch phenomena. It is able to predict changes oftre typically broadly tuned td0, if at all (Winter et al,

the IRN pitch strength with increasing number of iterations
the dominance region of pitch, changes of pitch strengt

,2001). This is illustrated in Fig. 13, where ISIHs and normal-
ized CR-locked rate of a simulated Chop-S Ui} is com-

which depend on the phase relations between the harmoniggared to its auditory-nerve inpud). As outlined above, this
changes of the pitch when harmonics are added in cosini@put consists of the aggregated firing activity of 15 auditory-
phase compared to alternating phase, the pitches of inhanerve fibers. Responses are shown to white néseng
monic complexes and the pitches of IRN with negative gainlines) and an RPH withFO= 250 Hz (fine lineg. Note the

(which also produces inharmonic shjftand the pitches of
concurrent harmonic complexes, and the pitch and pitc
strength of SAM noise.

redistribution of ISl in favor of the 4-ms periotertical
Rlashed lingin both unit types. However, as a consequence
of its bandpass temporal tuning, the Chop-S unit provides a

Chop-S units have traditionally been characterized agnuch higher normalized CR-locked rate compared to the au-
followers of signal envelope. This modeling study suggestsjitory nerve. Thus, the temporal tuning of a Chop-S unit to a
that they may have an important role to play in transmitting 5 rrow range of ISIs results in a twofold benefit for the sys-

information concerning stimulus fine structure as well. MoStio - first

physiological experiments have used high-frequelCy)
carrier stimuli subject to low-frequency modulation. Few if

any studies have looked at synchronization to unmodulate

pure tones other than CF tones. However, psychophysic
pitch studies have shown that it is the resolvadd therefore
only weakly modulated or unmodulatesinusoidal compo-
nents of harmonic complexes that contribute most to th
strength of the pitch percept. The model predicts that
strong normalized CR-locked rate is observed in response
resolved harmonics when the frequency of the harmonic i

it increases its sensitivity to changes in the ISI
distribution when the ISl is in this tuning range. Second, the
temporal tuning of Chop-S units may serve as a physiologi-
%I basis for the identification of common harmonicity across

e many components of a harmonic complex, even though
they are spread across a range of frequencies.

e Chop-S units show less modulation gain in response to

éanvelope—modulated stimuli than other unit types like onset

tldnits(Kim et al, 1990. However, considering the fact that
dhe low, weakly modulated harmonics of a harmonic com-

equal to the intrinsic CR or equal to an integer multiple ofplex contribute most to pitch strength, it is questionable

the CR of the unit.

whether sensitivity to envelope modulation is the most im-

The latter is a crucial features of Chop-S units: ImaginePortant physiological parameter for neural pitch extraction.

a Chop-S unit with a CF of 750 Hz and a CR of 250 Hz
being stimulated by a harmonic complex with &h of 250

The current study shows that Chop-S units reveal a good
sensitivity to the period of the low, weakly modulated har-

Hz. Spectrally, this unit is tuned to the third harmonic of themonics. As such, they may represent the first stage of sensi-
complex. As this harmonic is spectrally well resolved, thetivity to pitch.
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Shortcomings of the model ics numbergwhich are the most important for pitch percep-
II‘j:)on) is not likely to be affected by the unit's sensitivity to
spectral envelope features. For higher harmonic numbers,
however, it must be assumed that there will be interference
Petween a Chop-S unit’s rate-response changes in response

Chop-S units are not frequently seen with CRs greater thal? ﬁ:‘a?gej’ n thf Is?ectral enveflc;Ee ang_ tk;‘ehunlt’s s.ensglwt)r/]
500 Hz or smaller than 100 Hz. Thus, at present, the Chop-g) € fundamental lrequency ot these high harmonics. suc

model cannot account for these pitches. Concerning highé terferen_ce, however, IS also observed perceptu_ally: Itis dif-
ficult for listeners to estimate the low pitch of higher-order

fO’s, it is possible that Chop-S units show synchronization t% ics ind dently of | | d I
a subharmonic of0 when this subharmonic fits the CR of "armonics independently o spectral envelope and overa
sound level. One example is the study by Wallis€969,

the unit. This is reflected in Fig. 2, where an increased nor h i h that the pitch of a 300-Hz h .
malized CR-locked rate at the natural CR will be seen in’/ €' It was shown that the pitch of a “Hz harmonic

response to thesB) multiples. This model behavior might complex octave band filtered around 4000 Hz depends sig-

be interpreted as a neural correlate of octave confusions, é‘gflcantly on sound-pressure level. Another example is the

T f edge pitches.
they are often encountered in pitch judgments. occurrence ot . T .
This study has not considered pitches based upon the An extensive study of Chop-S units with iterated rippled

many different types of dichotic signals that generate a pithpOI'S(':‘(’j \:cvhere the spe_ctra_l efrllvtek;pe |nhthe stpectri:ly unre-
sensation(Culling, 2000; Cullinget al, 1998a,b. At the fo ve re?“ency region 1s fial, nas shown at ese
nonvowel” sound9 Chop-S units reach their rate saturation

level of the CN, the neural representation of these stimulit latively | q level d th
will be no different than for an aperiod stimulus because ofit relalively fow sound-pressure [evels an ey preserve

the monaural nature of the CN. Thus, the pitch sensatioﬂ}\(/a.ir sensitivity to periodic sounds in rate saturation
evoked by dichotic-pitch stimuli cannot be mediated by the |e|grebe and erl:ter, 2001 | tuni f a Chop-S uni
processing of Chop-S units. However, at the next prospective n summary, the temporal tuning of a Chop-S unit o a

stage of the model under development, the Chop-S unitarrow range of ISIs results in a twofold benefit for the sys-

project to coincidence detector units in the inferior collicu- tgn;:.glr?t, I |L1cre;]selssllt§ ;ergﬁ!tl\/tlty 'to change; N th; t':'
lus. At this stage, there is pronounced binaural interactiorﬁjls ribution when e 'S In thiS tUning range. second, the

and it is possible that binaural properties of coincidence det_emporgl tuning _Of Ch(_)p-S_ units may serve as a_p_hysuologl-
cal basis for the identification of common harmonicity across

tector units may be involved in the perception of dichotic

pitches. The behavior of a model fully developed to the Ievet:e many comzonents ofa harmc;r::c compl_ex, even though
of the inferior colliculus remains to be tested. €y are spread across a range ot frequencies.

Another potential problem for the model concerns the
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