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ABSTRACT

Autocorrelation algorithms, in combination with cpatational models of the auditory
periphery, have been successfully used to prelécpitch of a wide range of complex stimuli.
However, new stimuli are frequently offered as deurexamples to the viability of this
approach. This study addresses the issue of whietliee light of these challenges the predictive
power of autocorrelation can be preserved by charngethe peripheral model and the
computational algorithm. An existing model is exted by the addition of a low-pass filter of
the summary integration of the individual withinacimel autocorrelations. Other recent
developments are also incorporated, including neali processing on the basilar membrane and
the use of integration time constants that are gntamal to the autocorrelation lags. The
modified and extended model predicts with reasaabtcess the pitches of a range of stimuli
that have proved problematic for earlier implemgaotes of the autocorrelation principle. The
evaluation stimuli include short tone sequencaskdtains consisting of alternating inter-click
intervals, click trains consisting of mixtures @&gular and irregular intervals, shuffled click
trains and transposed tones.

PACS numbers: 43.66.Ba, 43.66.Hg.



[.INTRODUCTION

Autocorrelation algorithms have given a useful ardof a wide range of auditory pitch
phenomena (e.g. Licklider, 1951; Slaney and Lyo#0l®eddis and Hewitt, 1991; Cariani and
Delgutte, 1996a&b). Their success has generatadga humber of studies designed to test the
limits of these theories. Some studies have idedtifiwveaknesses in the detail of early
formulations but have also suggested simple rersdatiet leave the basic periodicity principles
intact (e.g. Wiegrebe, 2001; Pressnitzer et aD12@ernstein and Oxenham, 2005) while other
studies, to be discussed below, remain as chaketgehe underlying idea of the use of
autocorrelation. This report will argue that autwetation can continue to provide a satisfactory
account if an existing model (Meddis and O’'Mard97pis changed to incorporate a more
sophisticated model of the auditory periphery an@xpanded by adding a stage with a longer
integration time constant than used hitherto. TThadel combines Licklider’'s (1951) original
idea of an autocorrelation function (ACF) of auditaerve activity with the idea of generating a
summary autocorrelation function (SACF) based onaggregation of the individual ACFs
across all fibres.

Licklider originally suggested using a running adwelation with a narrow temporal
window shifted along the time axis. This windowréepresented by a low-pass filter having a
time constant of only ‘2 or 3 milliseconds’. Mostpdorations have used time constants in this
region. However, Wiegrebe (2001) provided evidethag multiple time constants are required,
each proportional to the autocorrelation lag be&wgluated. A value of twice the lag appeared to
give a satisfactory account of the audibility oé tbscillations in pitch-strength in response to
repeated-interval noises. According to this rulmetconstants between 40 and 4 ms would be

appropriate for pitches in the range 50 to 500 Hus suggestion will be adopted along with his



other suggestion that some stimuli require evegdomntegration times. The proposed solution
is to extend the existing model by passing the ingpn®ACF through a low-pass filter to produce
a new function which will be given the acronym LRES-.

The necessity for longer time scales has been mivideice the publication of a
demonstration by Hall and Peters (1981) that haroatlg related pure tones can generate a
pitch percept even when presented non-simultangodsiey presented three harmonically
related pure tones in rapid succession and obtaetth sensation consistent with that obtained
when the three were presented simultaneously; biytwhen noise was present. The offset of
the first and the onset of the third tone were sdpd by 60 ms and yet pitch integration still
occurred. This demonstration will be used in thet ®valuation of the extended model.

A new class of pitch stimuli has recently emergbat tappears to offer a more
fundamental challenge to autocorrelation as a gémxplanation. These stimuli are high-pass
filtered irregular click trains in which the distmn products have been masked with background
noise; nevertheless, they can be ordered on a-péght scale (Kaernbach and Demany, 1998;
Kaernbach and Bering, 2001). The responses ohksseto these stimuli cannot be predicted by
any current autocorrelation algorithms and this hlasulted in calls to search beyond
autocorrelation for alternative theories. Howewerwill be shown that a radical change of
direction is not required and that the extendedehodn be used to predict these data.

The use of short time constants to compute theimgnautocorrelation functions has led
to an acknowledged weakness when the stimulus ioenfluctuations whose durations are
longer than the time constant used in the calanatiThe work-around used in earlier studies to
deal with this problem involved inspecting the SA@Rhe end of a complete pitch period (e.g.

Meddis and Hewitt, 1991). While this worked withripdic stimuli, it is clearly only a short-



term expedient and not an elegant long-term saiutiathe problem. The challenge of aperiodic
click stimuli makes the problem more pressing bseatiis not possible to specify an ideal time
at which to sample the SACF. The new, extended ein@moves the problem by using a longer
integration window, thus stabilizing the outputdtion.
II. THE MODEL

The original model has been fully described andemsively evaluated in previous
publications (Meddis and Hewitt, 1991; Meddis antfl@rd, 1997). It consists of three stages;
1) an auditory model to simulate auditory nervekisig probabilities, 2) an autocorrelation
algorithm and 3) an algorithm for making predictiaof the pitches heard by listeners and their
pitch discrimination abilities.
A. Auditory model

An auditory model simulates the generation of spilke auditory nerve fibres by
simulating the processing stages between stimwgsption and the inner hair cell (IHC)
auditory nerve (AN) synapse. Successive processiages are 1) stimulus input, 2) stapes
response, 3) multi-channel basilar membrane (BMpoase, 4) IHC receptor potential, 5)
IHC/AN synapse transmitter vesicle release rateés@rAN spiking probabilities. Computational
models of the auditory periphery continue to evdiwg the version used here has been fully
described in a recent study of auditory nerve drake latencies (Meddis, 2006). All formulae
and parameters are given in the appendix to thmirteand used unchanged here; except the
transmitter release permeability in the inner loealt pre-synapse which takes the value indicated
in Sumner et al. (2002). The input to the modethis stimulus used in the corresponding
psychophysical experiment. The output is a streamAN spiking probabilities. The

implementation used here has 60 channels with foegtencies (BFs) ranging from 100 to



10000 Hz along a logarithmic scale. The auditorydelavas evaluated at an integration period
of 1/44100 s, except for Evaluation 4 which usg@e@aod one quarter of that duration.

Figure 1A shows the response of the auditory méaled 100-ms harmonic complex
consisting of the 38harmonics of 100 Hz. The lower panel in Fig. 14wh the AN spiking
probabilities,p(t, k), arranged as a channetime matrix. This is the input to the next statipe,
autocorrelation algorithm.

B. Autocorrelation algorithm

The algorithm for computing the SACF function isplemented as described in Meddis

and O’'Mard (1997). The computation of the indihaflirunning autocorrelations in each

channelh(t, k), is based on the spike probabilitip§,k),
_ At 0.
h(t,I,k) = p(t,k)Ep(t—l,k)[—lm+h(t—At,l,k)Ee ; (1)
T

wheret is time, | is the autocorrelation lagit is the sampling interval ankl is the channel
number.z(l) is a time constant specific to a given lag andesto 2 (Wiegrebe, 2001). This
eguation is the same as equation (1) in MeddisGiMhard (1997) but expressed as a recursive
function. 191 lags were used in this study. Theyawmearly spaced between 1/30 and 1/1000 s
and were the same for all BFs.

The autocorrelation functions computed in (1) armsied across channels to create the

SACF,
) =ZN:h(t,I ) @)

Figure 1B shows the running ACFs and the runnin@€BAas they appear at the end of

the stimulus presentation while Fig. 1C shows hosv3ACF changes over time.



At this point, a new stage is added. The runnin@BAs passed through a low-pass filter

implemented as an exponentially decaying average,

P(tl) = S(t1)+ P(t—At,1) & (3)
wherei is the time constant of the filteP(t,l) is the LP-SACF. Figure 1D shows how the LP-
SACF changes over timé. was set to 120 ms throughout the study, excepevatuation 4
which was an order of magnitude larger. A detastady of the optimum value was not
attempted. This value was chosen simply becauseast the minimum time constant large
enough to yield acceptable results for the datdadf and Peters described in the first evaluation
below. It is consistent with the ‘minimum estimateintegration period of 210 ms’ proposed by
Grose et al. (2002) given that an exponential dé@agtion with a time constant of 120 ms will
have decayed to 17% of its starting value afteria$0

Since the original model was published, a numbedeatéiled improvements have been
suggested by different authors. We have adoptexfji®be’s suggestion that the time constant
of integration of the SACF should be linked to theéividual lag. On the other hand, Pressnitzer
et al. (2001) have suggested a weighting functiat teduces the magnitude of the SACF as a
function of lag and Bernstein and Oxenham (200%) 2eanham (2005) have suggested schemes
for omitting some lags from the individual chanA€lFs. Notwithstanding the agreed merits of
these two suggestions, they have not been adoptedrhorder to simplify the discussion of the
contribution of the other changes introduced irs tsiudy and because they do not alter the
conclusions to be drawn in this report.

C. Pitch predictions
The simplest method for predicting pitch uses #wprocal of the lag associated with the

highest peak in the SACF, and the same argumetieagp the new LP-SACF. This often leads



to unambiguous and accurate predictions. Howekliergetare some situations when it cannot be
used; these include small pitch shifts caused lspuned harmonics and predictions of the ability
to discriminate the pitch of two stimuli (see Meslégind Hewitt, 1991; Meddis and O’Mard,
1997 for details). On these occasions, it is bettdollow the method used in the experimental
procedure. This typically involves searching fobest pitch match by adjusting the pitch of a
second tone until it matches with the pitch offemence tone. This is the approach adopted here.

To implement the matching procedure, the LP-SACgeirserated for a range of periodic
comparison stimuli. These are then compared, orenbywith the LP-SACF of the test stimulus
used in the study to be simulated. This is achidyedomputing the Euclidean distance between
the LP-SACF of the comparison tone and the LP-SACHEe test stimulus. The fundamental
frequency of the comparison stimulus with the sestllassociated Euclidean distance is then
chosen as the predicted ‘best-match’ pitch (Fidu¥.

-FIG. 1-

1. EVALUATIONS
A. Evaluation 1

The need for a window of pitch integration longdrart 3 ms is clear from a
demonstration by Hall and Peters (1981). They skiovat non-simultaneous tones presented in
background noise can combine to create a virtughpihat can be matched to other pitch-
evoking stimuli. Other more recent studies using-smnultaneous components such as temporal
fringes (Carlyon, 1996; Micheyl and Carlyon, 199)jstuned delayed harmonics (Ciocca and
Darwin, 1999; Gockel et al., 2005) and stimuli wittiterpolated silences (Plack and White,
2000) have provided further evidence that substhtgmporal integration is required to explain

how pitch perception aggregates stimulus infornma#ioross silent intervals.



Hall and Peters’ stimulus is illustrated in Fig. .2l consists of three tones played
successively against a white noise background. BB SPL tone lasts 40 ms and is
separated from the following tone by a gap of 10 imshis particular example, the frequencies
used are 600, 800 and 1000 Hz. The noise was white at a level of 65 dB SPL rms. The
authors specify that the tones were ‘6 dB abovekethshreshold’. The individual tones of the
sequence were still audible, but listeners wergunged to attend to the lowest of the perceived
pitches. It was found that listeners matched tinei perceived pitch to a 200-Hz pure tone. To
further illustrate the effect, Hall and Peters camagl this stimulus with another version where
the component frequencies were 720, 900 and 1080Thiz stimulus was matched by their
subjects to a pure tone with a lower pitch (180 &mn though the component frequencies were
higher in the second stimulus.

The waveform in Fig. 2A shows the stimulus befdre noise was added. The SACF for
the stimuli in presence of the noise (Figures 2& 2D) is unable to predict the low virtual pitch.
Figures 2C and 2E show the LP-SACFs for the twadtiin the presence of the noise. These
are both based on an average of five trials toaedariability created by the noise background.
Due to the loudness of the added noise, we basegréfdictions in this evaluation on the highest
LP-SACF peak rather than on the Euclidean metiite LP-SACF for the 600-800-100 Hz
stimulus shows a broad peak around a lag of 5 megmnding to a pitch in the region of 200
Hz. An examination of the fine structure of the SRCFs reveals a shift to the right (longer
lags) in the case of the 720-900-1080 Hz stimuhdicating a lower predicted pitch around 5.6
ms (180 Hz).

-FIG. 2.-



The response of the computer model shows that lsgltering the SACF to form the
LP-SACF was successful in integrating periodicriijormation across the whole stimulus. This
was not achieved with the SACF alone because @hitst time constants. For example, in the
model the time constant associated with the 5-igpgdarresponding to a periodicity of 200 Hz)
is only 10 ms, which is considerably shorter tHam time interval between the first and the last
tones.

Hall and Peters found that the low virtual pitchswaot heard when the tones were
presented in quiet. It is therefore of some intet@gxamine the model response to the sequence
of tones without the background noise. Figure 3ashthe LP-SACF output for the two stimuli
presented in quiet. Major peaks are present atdhfsns and 5.6 ms, respectively. This would
appear to predict corresponding pitches of 200 iz 80 Hz; pitches that were not reported by
subjects in the experiment. However, in quiet the-S3ACF contains a series of peaks,
potentially indicating a much higher pitch. Thetdisers in Hall and Peters’ experiment never
matched the stimulus to a single pure tone with ptwh but always preferred to match these
stimuli to a higher pitch in the region of indivelucomponent tones. This suggests caution
against the common tendency to identify a singigelgpeak in an autocorrelation function with
the predicted pitch and indicates the need to tta&evhole of the function into account.

-FIG. 3--

In pitch experiments it is not unusual to find tisabjects listen analytically and base
their judgements on individual tone components eatthan the total stimulus complex.
Normally, subjects are discouraged from matchirggghich of one of the stimulus components.
A comparison between the model responses in Figleexl 3 suggests that noise has the effect

of reducing the relative size of the more rapidiltmons in the LP-SACF corresponding to the



component tones and makes it more likely that gguaknt of the lowest perceived pitch will be
based on the peaks in the range of the virtuahpittall and Peters also suggested that the
transient amplitude changes (audible when the tanegresented in a quiet background) may
trigger some other mechanism that emphasises tha&rade nature of the tones and tips the
perceptual balance in favour of analytic hearingfddunately, the computer model presented
here does not contain any mechanism at this lehagghistication.

In conclusion, the introduction of a low-pass filte further process the SACF into the
LP-SACF was successful in integrating tone sequermresented successively in noise to
generate a pitch prediction that agreed with theeki perceived pitch reported by listeners.
However, the demonstration indicated an unsolveablpm concerning how the balance of
synthetic and analytic listening is establishedeneral for sounds presented in quiet.

B. Evaluation 2

When a regular click train is played, subjects haapitch whose frequency is the
reciprocal of the time interval between successilieks. Kaernbach and Demany (1998)
modified this stimulus by placing a single addiabolick at a random time between each regular
click. The stimuli were high-pass filtered (in thcmse at 6 kHz) to remove all resolved
harmonics. The modified stimulus with the interpetarandom clicks has only a weak pitch
compared to the regular interval train. Indeedjrtbabjects found it difficult to discriminate
between it and a completely random click train wilita same overall click rate. The interpolation
of random clicks had greatly reduced the sensatfgpitch even though regular intervals were
present between every second click.

This result is not expected if a prediction is lshea an autocorrelation of the click train

itself. A simple autocorrelation of the stimulusweform shows a clear peak at the regular
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interval for both the simple click train and thesonith the interpolated clicks. This approach to
autocorrelation would lead to the prediction thathistimuli should have a similarly clear pitch.

However, different predictions are made when the@urelation is based on the output
of the auditory model. To demonstrate this, the ehosas evaluated using three different
stimuli: regular, interpolated and random. The kclrate in the regular click train was 100
clicks/s. The random click train had a mean rat2Qff clicks/s and was constrained so that any
run of three consecutive clicks with above averagervals was deleted and replaced. The
interpolated click train contained repeated ABXwsates containing a fixed interval (A+B= 10
ms) in which an interpolated click was randomlyceld between each pair of regular clicks. The
AB pair was then followed by another random intéi8 with an average duration of 10 ms.
The overall click rate of this stimulus was 150ck$/s. All clicks were band-pass filtered
between 6 and 10 kHz using a cascade of 6 firgroBditterworth filters. They were presented
to the model at a spectrum level of 55 dB SPL liovapass filtered white noise background at a
spectrum level of 30 dB SPL. The duration of athsti was 500 ms.

The responses of the model to these stimuli arenshio Fig. 4. Because these stochastic
stimuli change from trial to trial, three sets efults are given. The click train with random
intervals produces an LP-SACF (dotted line) withrabable structure. The regular click train,
on the other hand, gives a regular multi-peak LREEAcontinuous line) with the first major
peak at 10 ms, as expected. When the interpotdigd are added, the LP-SACF (dashed line)
shows a reliable but small peak at 10 ms but relgudpaced peaks at 20 and 30 ms are typically
not present. On visual inspection, the LP-SACFtlas interpolated click stimulus looks much
more like the LP-SACF for the random click stimulbsin that for the regular click train. In

summary, the model predicts an unambiguous pitchthfe regular click train but a relatively
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weak pitch for the interpolated click train. It @lsuggests that the interpolated click train wal b
discriminated from the random click train only wilkfficulty. This prediction is consistent with
the reported observation that the interpolated esecgl does not sound regular and is perceived
by listeners as similar to a random click train.vBigheless, the interpolated click train does
produce a reliable small peak at 10 ms and thasnsistent with the observation that, in the long
run, listeners are better than chance at idengfyiras more tonal than the completely random
stimulus (Kaernbach and Bering, 2001).

In summary, the use of an auditory model as thetitp the autocorrelation algorithm
gives a good account of the main finding that thditeon of randomly interpolated clicks
degrades the tonality of a regular click train.sThontrasts with the predictions of Kaernbach
and Demany based on the autocorrelation of theusisnwaveform where little degradation is
expected. Clearly, autocorrelation of themulus waveform is not a viable predictor of pitch
perception in all cases but its shortcomings do apygly when the output of a model of the
auditory periphery is used as the input to the@utelation calculations.

-FIG. 4.
C. Evaluation 3

The success of evaluation 2 raises the questiwhpfthe auditory model succeeds when
an autocorrelation of the stimulus waveform faitsessnitzer et al. (2002, 2004) drew attention
to the important changes that can take place inrépresentation of the stimulus as a
consequence of nonlinearities inherent in auditpeyipheral processing. Specifically, they
suggested that the half-wave rectification thaetaglace in the electrical response of the inner
hair cell can introduce previously absent spectramponents if the stimulus frequency

components are not resolved by the peripheral @ydstystem. To demonstrate this, they applied
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autocorrelation at different stages in the peripherocessing and showed that changes took
place following the half-wave rectification that mgecritical for distinguishing the pitch
characteristics of two carefully chosen click-tratimuli (described below). These two click
trains had the same average click rate but difteptthes. They were able to show that
autocorrelation of the output following half-wavectification resulted in profiles that could be
related to the pitches heard by listeners.

The peripheral model used in Pressnitzer et aDZpWas highly schematic, used long-
term autocorrelation and employed only linear gezial filters. The model evaluated here uses
nonlinear peripheral filtering to represent thepmse of the basilar membrane, and has a
considerably more complex representation of theeg®ion of the inner hair cell response. It
also features short-term autocorrelation computatiollowed by a low-pass filtering stage and
this contrasts with their approach using long-teamtocorrelation. It will be useful to
demonstrate that the findings of Pressnitzer eeatain valid with the new model, because their
insight is fundamental to understanding the sucoédke autocorrelation model in explaining
the perceived pitch of many high-pass click-traimsili.

The two click trains used by Pressnitzer et al0O2®004) had mixtures of regular and
random inter-click intervals. The first stimulus XK) contained a single interval of fixed
duration (K) followed by two intervals of randomrdtion (mean duration, K/2). The second
stimulus (ABX) consisted of trains of three randonervals with the constraint that the duration
of the first pair of intervals summed to K and thed interval had a mean duration of K. Both
click trains have the same average click rate (&K3/clicks/s. Also, both click trains contain an
interval of duration K. For the KXX stimulus, thisterval occurs between the first and second

clicks while for the ABX stimulus, the interval aogs between the first and the third clicks.
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Despite having identical mean click rates, the ghirare reliably heard to have different pitches;
ABX has a higher pitch than KXX.

These stimuli, KXX and ABX (K = 5 ms), were presshtto the model at a spectrum
level of 60 dB SPL for a duration of 400 ms withsenhand offset ramps of 5 ms. Click trains
were high-pass filtered at 3 kHz. The responsénefmodel is shown in Fig. 5 where it can be
seen that the LP-SACFs for the two stimuli are ryedifferent. The LP-SACF of the KXX
stimulus has a major peak at around 7.5 ms regeatinmultiples of 7.5 ms indicating a
predicted pitch of 133 Hz. The same prediction wasle using the Euclidean-distance metric
(not shown). In contrast, the ABX stimulus hasrigpeating peak starting at around 5.5 ms
(predicted pitch 182 Hz). These results are cosstiswith the psychophysical observation of a
lower pitch for the KXX stimuli. This result repltes the findings of Pressnitzer et al. (2004)
and confirms that the operation of the present isdmnsistent with their principles.

The lower panels in Fig. 5 show the evolution & 8ACF and the LP-SACF during one
of the two stimuli (ABX). The development of the jmraautocorrelation peaks can be seen in the
LP-SACF. However, the peaks are only intermitteméigresented in the SACF. The LP-SACF
by virtue of its longer time window is able to aage these peaks and produce a more stable
representation. Hence, a long-term autocorrelati®rused by Pressnitzer et al. (2002) is not
necessary.

-FIG.5.-
D. Evaluation 4

Carlyon et al. (2002) studied the pitch of a clickn with alternating intervals of 4 and 6

ms that was band-pass filtered between 3.9 andkBz to remove any resolved frequency

components. They found that this stimulus generpith matches in the region of 4.5 to 7 ms
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when presented at a level of 54 dB SPL againstkgraund of pink noise. The geometric mean

of all matches was 5.7 ms. The regular intervatsvben the clicks of 4 and 6 ms might have

been expected to give rise to pitch matches caoretipg to either or both of these values. The
second order interval of 10 ms might also be aicatel. However, none of these were regularly
reported by listeners. The authors performed an FSA@alysis based on the method used by
Meddis and O’Mard (1997). Their computations intecklikely pitch matches at 4, 6 and 10 ms.

The authors concluded that autocorrelation analyasunable to explain the results.

Carlyon et al. (2008) demonstrated that the contbil nerve responses to the 6 ms
interval, measured as compound action potentialsP§), were stronger than for the 4 ms
interval. Therefore, they suggested that a popariadi more central neurons which respond only
when their inputs exceed a fixed threshold valuaildiaespond preferentially to the 6 ms
intervals; resulting in a total average responsaetl to this interval; which would explain the
listeners’ preference for matching a pitch veryselto the longer first-order inter-click interval.

This raises the question of whether the AN spikprgbabilities generated by the
auditory peripheral model could reflect in someieck way the above findings. If the responses
were slightly stronger for the 6 ms intervals tHan the 4 ms intervals; then a long-term
periodicity analysis might also illustrate the daamce of the 6 ms period (on average within
frequency channels). We repeated the autocorralaimalysis using the current model and
obtained a more favourable outcome. Particular vae taken to reproduce the experimental
stimulus exactly by filtering the clicks appropabt and adding background pink noise. Care
was also taken to use the same pitch-match coropassimuli as used in the original
psychophysical experiment. The experiment was lsited using click trains with alternating

intervals of 6 and 4 ms. The clicks were preseateah overall level of 78 dB SPL for 400 ms.
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They were band pass filtered with cut-off frequesadf 3900 and 5300 Hz, generated using an
8"-order Butterworth filter yielding an attenuatioi 21 dB at half an octave above and below
the cut-off frequencies. The background pink nbiad the characteristics indicated in the above
study. The stimulus was gated on and off with 50ramsed-cosine ramps.

Comparison stimuli were generated according to #hé&hor's description: ‘29
isochronous pulse trains, with periods ranging fidno 14 ms in steps of 7%, with the period
rounded to the nearest 0.1 ms’. These were fitarahe same way as the test stimuli and LP-
SACFs were generated to act as comparison templgtesbest match’ comparison pulse train
was chosen on the basis of the smallest Euclidetande between the test stimulus LP-SACF
and that of the comparison stimulus.

The LP-SACF derived from the model response is showFig 6B. It has a maximum
peak at 5.76 ms, in agreement with the perceptaial (Carlyon et al., 2002, 2008). The dotted
line above the LP-SACF shows the Euclidean dissbatween the range of templates and the
test stimulus. For the Euclidean-distance measieex-axis represents the inter-click interval so
that the best pitch match (smallest Euclidean ulcgp is at 5.91 ms. This contradicts our
intuition that matches would be most likely to ocatiboth 4 and 6 ms, the intervals between the
successive clicks. In this respect, the result egreith the main findings of the original
experiment. The distribution of matches for seveeallisations of the background noise (right
plot in Fig. 6B) is not clearly unimodal, in cordtavith the results obtained Carlyon et al. (2002,
2008). Nevertheless, the mean value of the predistis reasonably robust for large numbers of
stimulus realisations. This result further suppthts claim that theurrent model is qualitatively
consistent with the experimental results in thatygtematically predicts pitch matches closer to

the longest first order inter-click interval. Asesult we argue that an autocorrelation account of
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pitch perception is not contradicted in a fundaraemtay, by recent results (Carlyon et al.,
2008). However, more research is needed to actyratdel CAP responses of the AN to this
stimulus (Carlyon et al., 2008)
-FIG. 6.

E. Evaluation 5

Yost et al. (2005) experimented with KX click traiwhere a regular interval (duration K
ms) was alternated with a random interval (X). Ttheation of the random interval was
uniformly distributed between 0 and 2K ms. Thismsiius was then used to generate a second
stimulus by randomly reordering all the inter-clickervals. The ‘shuffled’ click train contained
exactly the same inter-click intervals as the filghshuffled’, click train; only the sequence of
the intervals was different. Surprisingly, the rarmdy shuffled click trains were typically heard
to have a 'greater pitch strength’ than the unsbdftlick trains, even though they were less
regular as a result of the shuffling. When Yostletomputed the SACF using an earlier version
of the model (Meddis and Hewitt, 1991), there wtlke Ito indicate that the shuffled click train
would be judged to have a greater pitch strengtie. Jame was true of the autocorrelation of the
stimulus waveform. They concluded that ‘Currenbaotrelation models based on the long-term
autocorrelation functions cannot account for thead this study’. Here, it will be shown that
their results are indeed consistent with an autetation analysis if an appropriate low-pass
filtering is applied to the SACF.

The authors did note that the shuffled click traommtain longer runs of consecutive
regular intervals than the unshuffled click traifitis is because an unshuffled click train, by
definition, can never have two consecutive K inddsyvIn their view, the longer consecutive runs

of the fixed interval are the key to understanding phenomenon. This suggestion led us to
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expect that the new autocorrelation function with tow-pass filtering would reflect this long-
term property of the stimulus

Figure 7 shows the LP-SACF of two (KX) click trai(t6 = 4 ms), one unshuffled and the
other shuffled. The random nature of these cliekng means that these patterns will change
from stimulus to stimulus but the examples givea @pical. Unshuffled KX stimuli always
have a single strong peak at K ms. The absencecohslary strong peaks at multiples of K ms
reflects the fact that such intervals occur onkglsain the stimulus. On the other hand, the LP-
SACFs of the shuffled click trains have a numbep@dks at multiples of K ms. The regularly-
spaced multiple peaks are caused by runs of cotngeaegular intervals that occur by chance.
Figure 7B compares the SACF with the LP-SACF oveet The obvious repeating peaks are
not easily visualized in the SACF but are cleargsent in the LP-SACF

-FIG.7.--

The height of the first peak is approximately thene for both LP-SACF functions. This
is not surprising as both shuffled and unshuffieadi have the same number of fixed-duration
intervals. The height of the first peak of the SAKS often been taken to predict the strength of
the pitch percept (Yost, 1996; Patterson et al96)9In this case, it does not appear to be a
useful guide for predicting which of these two stlhwill be perceived as more tonal.

The main difference between the two functions & pihesence of a repeating series of
equally spaced LP-SACF peaks in the case of thfflsthwclick train that are absent for the
unshuffled click train. This repetition of equalipaced peaks is characteristic of the LP-SACFs
of stimuli with a generally acknowledged clear bitsuch as harmonic tone complexes. If we

accept the reasonable proposition that the presehtieese additional regularly spaced peaks

18



contributes to the overall tonality of click trajnse can conclude that the result is consistent
with an autocorrelation approach to pitch perceptio
F. Evaluation 6

Oxenham et al. (2004) used ‘transposed stimuli’fugher explore the arguments
surrounding periodicity theories of pitch. Thesarisposed stimuli’ are high-frequency carrier
tones multiplied by a half-wave rectified low-freepcy sinusoid. Essentially, these are pulses of
high-frequency tones. The simplest example is &#4-&arrier tone pulsed at 100 Hz (see Fig.
8A, upper panel). The stimulus was presented exel bf 77 phons in a white noise background,
low-pass filtered at 600 Hz and at a level of 27baéBw the overall level of the tones.

This stimulus gives rise to a weak pitch sensafge Figure 2A in Oxenham et al.,
2004). Figure 8A (lower plot) illustrates the th®-SACF for this stimulus (solid line). It has
broad peaks around 10, 20 and 30 ms. However, #reselearly less prominent than those in
the LP-SACF of a similar stimulus but in which tb&rier frequency is 100 Hz (dashed line),
which has a clear pitch. This result suggests tthatpitch sensation of the transposed tone is
weak, which is consistent with the Oxenham et2804) findings.

A more complex stimulus is the combination of thcaerier tones with frequencies of 4,
6.35, and 10.08 kHz modulated at 300, 400 and 5@0rdspectively This stimulus was
presented at an overall level of 65 dB SPL, in é&fgeound pink noise band-pass filtered (31.2-
1000 Hz) at a similar level to that in the previexperiment.

If the auditory system aggregates periodicity infation, one might expect that this
would also be heard as a weak 100-Hz pitch by gyaloth a stimulus consisting of three pure
tones at 300, 400 and 500 Hz. For this stimulusyever, the LP-SACF has an almost totally

random structure (Fig. 8B, lower plot). Small peaks present at 20 and 30 ms but the pattern is
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much less strongly modulated than the LP-SACF & 100-Hz modulated carrier described

above. This result agrees with the observation©xénham et al. who found that subjects

performed even more poorly with multiple transpos®tes than with a single transposed tone in
a pitch discrimination task. Only one out of fodrtleir subjects was able to discriminate the

virtual pitch for these stimuli and that subjectswent able to make pitch matches to the missing
FO.

The experimenters analysed their stimuli using @oearrelation model very similar to
the model studied in this report and obtained feht result from ours; the pure and transposed
three-tone harmonic complexes produced very sin8SlACFs in their analysis. Both stimuli
showed a distinct peak at a time interval corredpanto the reciprocal of the FO. Thus, the
model correctly predicted that the FO would be eiexd in the case of the pure tones, but
incorrectly predicted a similar pitch percept ie ttase of the transposed tones.

One of the several possible factors that could ampthe difference between their
analysis and that given in Fig. 8B are the changeke auditory model at the level of the BM
that have taken place since they performed thedystOxenham et al. (2004) used a bank of
linear gammatone band-pass filters to simulate leachfiltering. The current model uses
nonlinear filters to simulate the compression th@tes place on the BM and this has
consequences for the shape of the filters as difumof signal level.

However, the nonlinear response of the BM is st the width of the filters increases
at higher signal levels. At high signal levels, trequency components will not necessarily be
resolved as a result of the wider filters. Figui @niddle row) shows the pattern of AN
responses across channels predicted by the moefar€bthe addition of noise). The narrow

bands implied by the term ‘resolved’ are not clearisible. It may be true that the BFs
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corresponding to the carrier frequencies contairly asingle-frequency activity but the
intermediate channels are being excited by more tre frequency. The computation of the
SACF involves a mandatory summation acredschannels and therefore the intermediate
channels will be well represented. Dreyer and Ditdg{2006) examined the AN response in cats
to transposed tones and found that phase-lockiritatsposed tones degraded substantially as
signal levels were raised above threshold. SACBsltiag from stimuli containing unresolved
components are typically flatter because the empeetd the stimulus has a greater influence than
the individual sinusoidal components. This could the case here. However, from our
simulations it is not conclusive that the withinacimel interactions of the filters are responsible
for the inaudibility of the pitch. Other possibbcfors include level-dependent compression, and
possible saturation effects at signal levels sscth@ ones used in this experiment.

Nevertheless, at very low signal levels, our modglicates the results of the linear
model used in Oxenham et al. (2004) (not showngrdlore, it is a prediction of the model that
the pitch of the transposed complex should be ddib very low levels where the auditory
system is functioning linearly and the auditontefis are sharply tuned, as assumed in the
analysis of Oxenham et al. (2004). Such conditiovesy exist near threshold or in certain
individuals for whatever reason. We note that ohthe four subjects in the experimental study
(their Fig. 3 subject S7) was able to make sucukgsich discriminations at FO for the
transposed complex. A speculative explanation Hes might be reduced compression in this
subject. We do not, however, underestimate thécdiffes of carrying out such a test given the
need to demonstrate linear responses, narrowsfiged audibility of all components when close

to threshold.
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In summary, the results of Oxenham et al. are madajualitatively in the response of
the model to transposed stimuli and their data alocontradict the autocorrelation approach to
modelling pitch perception. The difference in thedmlling results could be a consequence of
the nonlinear characteristics of the BM responséher new model. However, our conclusion
should be qualified by the uncertainty that surdsiany model that purports to represent the
exact pattern of action potentials in the humantandnerve. We have no way of checking this
and the evidence for such models is always indirect

-FIG. 8.
IV.DISCUSSI ON

The question is whether the autocorrelation appreadmould be completely rejected on
the basis of recently published psychophysicalistidlhe results of experiments using click
trains consisting of a mixture of regular and iwkeg inter-click intervals (e.g. Kaernbach and
Demany, Yost) are certainly inconsistent with aprapch based on the application of a long-
term autocorrelation analysis to the acoustaveform of the stimulus. However, the main
tradition of the application of autocorrelation theegan with Licklider (1951) has stressed the
application of the analysis to the activity of theditory nerve. Such analysis depends on a
combination of two separate theories. The firsd itheory of how the AN activity is generated,;
the second concerns the most appropriate methaghfalysing this activity. If either theory has
shortcomings, this will be reflected in a failurietlee model to cope with some of the data.

In this report we have revisited a number of puigd psychophysical studies whose data
had been argued to be inconsistent with an existitgcorrelation model of pitch. Here it has
been shown that these difficulties can be reduicemdifications are made both to the peripheral

model and to the method of analysis. Modificatitmshe peripheral model include the addition
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of nonlinearities in the BM filtering and an impex model of the generation of the IHC
receptor potential. Modifications to the analysisthod consisted of the introduction of lag-
dependent time constants used in computing the A&tsan additional stage that integrated the
output of the SACF over a longer time window. Tbgetthey give a more useful account of the
data.

The 2 or 3-ms’ short time constant originally segted by Licklider has proved in the
past to be successful for many stimuli, but thelpaharacteristics of irregular click-train stimuli
cannot be so easily accommodated because the niégalan the stimuli can only be assessed
over a longer time period. The solution to the pgobcan be found in Wiegrebe’s (2001) study
of the pitch of repeated pulses of noise. He sugdes multi-stage approach employing a second
wider temporal integration window. The present edgcapproach is the practical application of
this idea. The longer time constant is the majertidoutor to the ability of the revised model to
explain the pitch properties of the irregular clickins described above.

The shuffled click-train data of Yost et al. (20@Bgsent another problem concerning the
interpretation of the autocorrelation analysis. if Bauffled click trains were judged to be more
‘tonal’ than the unshuffled click trains. This cduiot be predicted on the basis of the height of
the highest peak in the LP-SACF because both gbfiind unshuffled click trains generated
peaks of (on average) the same height. The kegrdiite between the two functions was to be
found in the pattern of minor peaks. A shuffledcklitrain can be distinguished from the
unshuffled version by the presence of a repeatngs of equally spaced minor peaks. These
peaks are commonly observed in the SACF (and iLBx&ACF) of harmonic tone complexes
but often ignored by researchers as redundant. kewehese new stimuli indicate that the

repeating peaks should contribute to our predistmirthe salience of the perceived pitch.
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The autocorrelation analysis will be of limited walif it is based on the output of an
inadequate peripheral model. Such models remaimitpre but are subject to continuous
revision. Our insights into the significance of tihheany subtleties of peripheral auditory
processing are developing in parallel. Of particutderest are the ideas of Pressnitzer et al.
(2002) concerning the role of the half-wave recéfion that occurs in the generation of the
receptor potential in the IHC. Here it has beenmshthat their proposal survives translation to a
more sophisticated auditory model and the new clesn#ethod of analysing the model output.

Another nonlinearity in peripheral processing oscat the level of the BM and involves
compression of the stimulus waveform at signalderwies close to the filter best frequency.
This compression is less evident at remote fregasmwith the consequence that the width of the
filter increases with signal level. As a resulg ihdividual frequency components of a stimulus
spread their effects more widely over the BM arel elxcitation pattern changes radically as the
level of the stimulus is increased. This is oné¢hef possible factors in explaining the success of
our new model in the Oxenham et al. (2004) studpreMresearch is needed to understand
precisely which aspect of the auditory peripheraddel is primarily responsible for this
perceptual phenomenon and for the perception eifradting click trains (Carlyon et al., 2008).

Both peripheral models and methods for analysimgy thutput are continuing to evolve
and we must expect increasingly sophisticated awsoaf pitch perception to emerge as a
consequence. The novel and challenging stimulirdest above have an important role to play
in this evolution. Nevertheless, we conclude tl@t,the present, Licklider's view that pitch
perception can be understood in terms of a peitgdanalysis of the activity of the auditory

nerve remains intact.
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FIGURE 1. Response of the model to a 100-ms congilewlus consisting of harmonics 3, 4,5
and 6 of a 100-Hz fundamental. A: Stimulus wavefdupper panel) and AN spiking
probabilities generated by an auditory model (lopemel). B: Multi-channel ACFs (upper
panel) and SACF (lower panel) after 100 ms. C: Etwoh of the SACF over time. D: Evolution
of the LP-SACF over time. E: LP-SACF at the endheaf stimulus (continuous line). The
Euclidean distance function is shown as a dottezl The minimum of this function (10 ms)
predicts the pitch.

FIGURE 2. Predicted virtual pitch evoked by sucoestones. A: The stimulus waveform for a
sequence of 40-ms pure tones of 600, 800 and 1@Gephrated by a silent period of 10 ms
(Hall and Peters, 1981), before the addition ofeoB: The average final SACF in response to
five presentations of the 600-800-1000 Hz tone srqge in the presence of noise. C: The
average final LP-SACF in response to five presentatof the 600-800-1000 Hz tone sequence
in the presence of noise. D: The average final SAQEsponse to five presentations of a 720-
900-1080 Hz tone sequence in the presence of naiséhe average final LP-SACF in response
to five presentations of a 720-900-1080 Hz ton@ieege in the presence of noise.

FIGURE 3. LP-SACF response to short tone sequanagset. A: Final LP-SACF for the 600-
800-1000 Hz tone sequence in quiet. B: Final LP-BA®@ the 720-900-1080 Hz tone sequence
in quiet.

FIGURE 4. The effect on the LP-SACF of adding ramtiointerpolated clicks (dashed line) to a
regular click train (solid line). The results da&compared with those for a completely random
click train (dotted line). The click trains haveelmemade as explained in the text. The LP-SACFs

are shown for three different stimulus samples.
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FIGURE 5. Model responses for the KXX and ABX clicé&ins, with K=5 ms (see text). A:

Final LP-SACF for the KXX stimulus. B: Final LP-SATor the ABX stimulus. C: Evolution of
the SACF across time for the ABX stimulus. D: Exaln of the LP-SACF across time for the
same ABX stimulus.

FIGURE 6. Model response to the 6-4 ms alternatlin train (Carlyon et. al., 2002) with band
pass filtering and pink noise included (see tekt)Stimulus waveform (amplified for better
visualization). B: The left plot shows the final _ISACF normalized response (solid line) and the
corresponding Euclidean distance (dotted line). lagimum peak occurs at 5.76 ms and the
minimum of the Euclidean distance occurs at 5.91The right plot shows an histogram of the
Euclidean-distance matching for 20 different redi@ns of the background noise.

FIGURE 7. Response of the model to the KX clickisgK = 4 ms). A: Final LP-SACF for the
shuffled (solid line) and unshuffled (dotted liréirk train. B: Evolution of the SACF over time
for the shuffled click train. C: Evolution of thePLSACF for the same shuffled stimulus.
FIGURE 8. Autocorrelation analysis for 500-ms traosed stimuli (Oxenham et al., 2004). A:
The upper panel shows the waveform of a singlesfrased pure tone of 4-kHz modulated at 100
Hz (amplified for better visualization). The midgianel shows the corresponding AN spiking
probabilities (before the addition of noise). Therér panel shows the final LP-SACF. B:
Waveform of the sum of three transposed pure tohés6.35 and 10.08 kHz modulated at 300,
400 and 500 Hz respectively. The middle panel shbevsorresponding AN spiking

probabilities (before the addition of noise). Thevér panel shows the final LP-SACF .
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A. Auditory model B. Final ACFs and SACF
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A. Stimulus before adding noise {600-200-1000 Hz)
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A. Final LP-SACF 600-800-1000 Hz in quiet
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A Final LP-SACF of KXX stimulus
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A. Stimulus (400 ms duration)
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A. Final LP-SACF
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A. Transposed single tone B. Transposed combination of tones
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