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Pitch discrimination at peaks of frequency modulation is better than at trgugl®emany and K.

I. McAnally, J. Acoust. Soc. Am96, 706—715(1989]. A similar asymmetry emerges within a
time-domain pitch perception model based on autocorrelation. The model requires the following
assumptionsf(a) The neural discharge patterns must be temporally sharpened to a single narrow
pulse per periodpossibly by neural convergence within the cochlear nuglébs Autocorrelation

must be implemented as a cross correlation between the neural pulse train and a delayed pulse train
convolved with a short kernel function. This kernel function must be asymmetric in t@nBitch
discrimination must rely on higher-order modes of the autocorrelation function. This particular
implementation of the autocorrelation model produces modes that are sharper for peaks than for
troughs, and thus accounts for the pitch discrimination asymmetry observed experimentally. As a
by-product it can account for “hyperacute” discrimination observed at peaks of triangular
modulation. ©2000 Acoustical Society of America.

[S0001-496600)05104-3

PACS numbers: 43.66.Ba, 43.66.Hg, 43.64.BVH]

INTRODUCTION form shaped either as a single cycle of a cogitimugh” ),
or as the opposite of the saniépeak”). The modulator,
defined on a logarithmic scale, had an amplitude oft. For

troughs(local minima of frequency modulation: thpercep- peaks, the initial frequency was 707 Hz, an_d for troughs
ghs( 3 a y i P 1414 Hz, but the vertex frequency, at the stimulus center,

tual salienceof peaks is greater than that of troughs. In a first i h . h
experiment, subjects were presented with a frequenq)f"as about 1000 Hz in both casgg. 1(a)]. In the present

modulated pure tone with a modulating waveform that had a@@Per. “vertex” is used to designate the extremum of fre-
many peaks as troughs. When requested to report the sgU4ency modulation, either maximum or minimum, upon
quence of notes that they heard, subjects consistently rdvhich the pitch discrimination task is focused. The subjects
ported maxima more often than minima. The asymmetryVere requested to discriminate these stimuli from stimuli that
could not be ascribed to a mere advantage of high frequertarted and stopped at the same frequency, but had a deeper
cies over low: in some conditions certain peaks wewer frequency modulgtlo_n, _and_ thus a slightly different frequency
in frequency than certain troughs, but nevertheless more s&t the vertex. Discrimination was clearly better for peaks

Demany and McAnally1994) discovered an interesting
perceptual asymmetry between pedkscal maxima and

lient. than for troughs: thresholds for troughs were about twice
In a second experiment it was found that increased sahose of peaks.
lience of peaks over troughs is reflected also by bdteer Demany and his colleagues have shown the phenom-

quency discriminationDemany and his colleagues subse-€non to be quite general. The asymmetry has been observed
quently carried out an extensive set of experiments thafor modulated pure tones with vertex frequencies of 250,
showed that the peak/trough asymmetry is quite general. THe00, and 1000 HZDemany and Chment, 1995a, 1998 It
many conditions that they explored allowed a wide range oflso exists at 4000 Hz, but the trough/peak threshold ratio is
hypotheses to be tested and, for many, rejected. These dagnaller (Demany and Cleent, 1995a It exists for har-
are reviewed in detail in the next section. The ubiquity andmnonic complex tones with vertex frequencies of 200 or 500
strength of the peak/trough asymmettiireshold ratios av- Hz (Demany and Cleent, 1995b, 1998 and in particular
eraged over subjects as large as 5 in some experijmgugs ~ for Shepard tones that consist of an infinite series of octave-
gest that it might reflect some important property of the pitchspaced partials shaped by a fixed band-limited spectral win-
perception system. The later sections of this paper proposedow (Shepard, 1964 The case of Shepard tones is interest-
model of this effect. ing because it allows an ambiguity in the interpretation of the
asymmetry to be resolved. Peak and trough stimuli have
similar frequencies at the vertex, but the frequency at the
beginning of the stimulus is an octave higher for the trough
In their second experiment, Demany and McAnally than for the peakfor a modulation amplitude of 0.5 g¢iand
(1994 presented subjects with tones modulated by a wavethe same is of course true at the end. Perceptual asymmetry

I. REVIEW OF THE EXPERIMENTAL DATA
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1400 == it has so far resisted explanation in such terms. Several ex-
i planations that seem plausitdepriori can be rejected based

1200 R \/ on the experimental results. One might, for example, imagine
1000 - that the general improvement of discrimination with fre-
1 |

quency up to 2 kHz, where relative thresholds are smallest

frequency (Hz)

800 - (a) .~ (Moore, 1973, might somehow favor peaks over troughs. By
o | S showing that the asymmetry was not reversed at 4000 Hz,
0 50 100150 200 Demany and Clment(1995a ruled out this explanation. De-
time (ms) many and McAnally(1994 had already shown that the ef-
fect could not be due to a mere change of amplitude or loud-
T 010 peak ness with frequencyFM-induced AM.
\I; The effect is not likely to be due to the asymmetry of
B 005 excitation patterns on the basilar membrane. These should, if
3 (b) anything, favor troughs over peaks, as there is an upward
0.00 : : spread of masking for pure tones at 70 dBemany and
= 010 McAnally, 1994. The argument was strengthened by De-
many and Clment(1995a when they replicated the experi-
2 005 ment at 35 dB, at which level the asymmetry of the excita-
§ (© L.,__‘__ tion pattern should be opposite of that at 70 dB. It was
0.00 L ! further strengthened by the observation of the same asymme-
800 900 1000 1100 1200 try for complex harmonic toneén particular tones shaped

Frequency (Hz) by a fixed spectral window The excitation pattern of a com-
FIG. 1. (a8 Top: modulation waveform of a trough. Bottom: modulation plex tone is mo_re complt_ax and spread out than that of a F_’“re
waveform of a peak(b) Instantaneous frequency distribution of a peak over tone, and less likely to differ between peaks and troughs in a
the portion marked as a full line if@). (c) Same, for a trough. way that could favor the former over the latter.

The fact that the asymmetry is observed for amplitude-
could conceivably result from that aspect of the stimuli. modulated high-pass noise, that lacks spectral cues, suggests
Shepard tones spaced an octave apart are identical, so tfif@t it stems from a process operating in the time domain
interpretation can be ruled out in their cdsed probably in  (Demany and Cleent, 1995h This is congruent with the
general. The asymmetry should be attributed to other cuedact that it is weaker at 4000 Hz, or even nonexistent for
such as the shape of the vertex or the direction of the FMoving stimuli at that frequencyDemany and Clment,
glides that flank it. 19953. On the other hand, Demany and @lent (1997

The asymmetry has been observed for modulation amhave also arguedgainsta time-domain process, on the basis
plitudes of 0.5, 1, or 1.5 odin the latter case for unidirec- of the proactive and retroactive effects that they observed
tional glides, Demany and Gteent, 1997. When the vertex With ramps. For those authors a retroactive effect suggests a
frequency was roved within a 0.5-oct range the trough/peakentral mechanism, whereas high-resolution time-domain in-
threshold ratio was only slightly reduced at 250 or 1000 Hzformation is not usually observed beyond the periphery and
but practically abolished at 4000 Hz. The asymmetry is noneural relays below the inferior colliculus.
affected by training despite a general decrease in thresholds The fact that the asymmetry was observed with Shepard
(Demany and Clament, 19953 but it seems to differ some- tones rules out any role of the initigbr final) frequency
what between subjects. It has been investigated mainly witdifference between peak and trough stimuli, as Shepard tones
stimuli 200 or 400 ms in duration, but it exists for stimuli as differing by an octave are identical. It also rules out a simple
long as 800 ms or as short as 50 ms but not 25Desnany, effect of the temporal pattern of extreme frequengles/—
1997. The effect persisted when an amplitude modulatiorhigh—low versus high—low—high The asymmetry must
was superimposed on the FM, even when the AM was detherefore depend on dynamic frequency changes, for ex-
signed to favor troughs over peall3emany and McAnally, ample, the frequency ramps preceding or following the tem-
1994; Demany and Cheent, 1998. porally centered vertex. Demany and @ient(1995b, 199y

The effect has been studied principally with cosine-argued that discrimination cannot be based on differences in
shaped modulation wavefornjEig. 1(a)], but it exists also FM slopebetween standard and target, at least in the case of
with modulation waveforms that have extrema that are eithepeaks: the differences are too small compared to FM slope
sharper(almost triangular or duller (with flat portions as thresholds measured by Dooley and Mo¢t888. Overall,
long as 100 ms The trough/peak ratio tends, however, to beit is unlikely that the effect depends on a perceptual asym-
greater for sharp than for blunt extref@emany and Ci-  metry of therampsby themselves, but rather on some inter-
ent, 1997. The effect was also observed for ramps consistingaction between ramp and peak.
of half a cosine modulation waveform, either the first half or A priori, one can imagine either@oactiveeffect of the
the second halfDemany and Clment, 1997. ramp preceding the vertex, oratroactiveeffect of the ramp

This impressive sum of data suggests that the perceptuédllowing it, or both. By cutting the cosine-modulated stimu-
asymmetry between peaks and troughs might reflect funddus in two (either the first half or the secopddemany and
mental characteristics of the pitch perception process, even &lement(1997 were able to demonstrate that the effect of a
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ramp on the discrimination of a vertex can lbeth proactive stimulus
andretroactive. Is the effect beneficial to peaks, or detrimen- grosemrormrn s $
tal to valleys, or both? Demany and @lent (19950 sug-
gested a detrimental effect on valleys, at least for amplitude-
modulated noise. However, Demany and rGémt (1997
found, for triangular-shaped modulation, “hyperacute” per-
ception at the peak. This latter effect is surprising: shift de-
tection thresholds of practically durationless peaks were
about 10 cents or 0.6%. This is of the same order as the
threshold of a 6.25-ms steady-state pure tone at 1 kHz
(Moore, 1973. Frequency would vary by about 18 cents
within a 6-ms window centered on the peénd by the
double for a window situated on either sidand it is diffi- I '
cult to understand how “moving targets” of the sort can be
discriminated with such acuity. convolve
Clement (1996 proposed a model to explain the asym- s'=s°%a
metry, based on a formal neural network. The input layer
received a tonotopic representation of the instantaneous fre- +
quency of the stimulugderived by an infinite-resolution fre- cross-correlate
guency extraction process that was not descjibEde cells
in this layer were interconnected laterally by asymmetric in-
hibitory connections with temporal integration properties. y AACF(")
This layer favored the representation of frequencies preceded noise model
by lower frequencies, at the expense of those preceded by
higher frequencies. The second layer served to integrate tem- +
porally this modified frequency representation. Asymmetric
lateral inhibition within the first layer accounts for the per-
ceptual advantage of peaks over troughs, while the temporal + pitch
integration of the second layer accounts for the fact that ef-
fects can be both “proactive” and “retroactive.” FIG. 2. Overall structure of the model. The part within dotted lines is imple-
Clement’s explanation of the asymmetry is p|ausib|e'mented simply as a half-wave rectifier. Its output is first sharpdigd

but not entirely Satisfying In a sense. it is a direct translatior{aising it to a power and then cross correlated with a version of itself
) ’ convolved with an asymmetric functiom(t), to obtain an “asymmetric

of the phrase "‘the aud{tory system. favors peaks OVE€lhutocorrelation function”(AACF). After application of a noise model, the
troughs” by which one might summarize the experimentalperiod is estimated from a high-order mode of the AACF.

results. It offers a plausible account lbdw such an asym-

metry might be implemented, but naty things should oc-  pitch estimate involves higher-order modes of that function,
cur in that way. An argument for the functional advantage ofrather than just the first-order “pitch peak.” These assump-
the asymmetric lateral inhibition, or an explanation in termstions are detailed in the next paragraphs, after the presenta-
of emergenproperties of the pitch perception process, wouldtion of a “lemma’” that embodies the principle on which the
be more satisfyingthough not necessarily more correct model is based. All assumptions are examined critically in
The purpose of the present paper is to propose an explangec. IV.

tion of the latter sort.

basilar membrane
HEEEEEEEEE!

haircell

probability

sharpen

estimate

B. Lemma: Convolution of asymmetric peaked

functions
Il. THE MODEL

The purpose of this section is to point out that the sharp-
ness of theconvolutionof two functions that are sharp and

The model is designed to produce a quantitpitch asymmetric depends on whether the asymmetries agree or
estimate”) that allows the pitch of two stimuli to be com- not. The “lemma”is the root of the model. No formal proof
pared, for example, between two intervals of a discriminadis attempted; the lemma is simply illustrated for two win-
tion task. Pitch asymmetries can be explained if the pitcldowed exponential function$ig. 3). On the left, the asym-
estimate is less accurate for valleys than for peaks. The ovemetries of the functions to be convolved agree. Their convo-
all structure of the model is illustrated in Fig. 2. It is similar lution has a peak that is somewhat blunt. On the right, one
to the autocorrelation model of Licklidéd956 or Meddis  function has been time reversed, and their asymmetries are
and Hewitt(1991a, b, but differs in three important ways. thus opposed. Their convolution has a sharp peak, related to
First, the discharge probability at the output of the basilarthe existence and orientation of the discontinuities in the
membrane/haircell model is sharpened before further profunctions. If the position of the maximum had to be deter-
cessing. Second, the standard autocorrelation fun¢fi@f)  mined precisely, for example, in the presence of a small
of Licklider's model is replaced by an “asymmetric autocor- amount of noise, it is clear that accuracy would be greater on
relation function” (AACF, defined presently Third, the the right than on the left.

A. Structure
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FIG. 3. Top and middle left: two asymmetric peaked functions with similar (c) | A 1 | A |

orientations. Bottom left: their convolution. Top and middle right: two

asymmetric peaked functions with opposite orientations. Bottom right: their 0.5 1.0 1.5 2.0 2.5

convolution. Note the difference in “peakiness” between the two convolu- time (ms)
tions. ) ! ! j
. . . d : “
The strategy followed by this paper relies on this lemma: \ @ A .
(a) identify appropriate asymmetric functions within the au- 0.0 0.5 1.0 15 2.0
lag (ms)

ditory process(b) show that the asymmetry of one of these

functions is reversed for peaks and valleys of modulation, _ o
and(o) argue that pitch depends upon their convoluton. ONE.2. L, & Dectirte PRl 1 s © LK b o,
asymmetric function can be found in the distribution of in- charge probability function, obtained by raising the wavefornfapfto the

stantaneous perio@inverse of instantaneous frequenadm power 200.(d) ACF of sharpened discharge probability function.

the region of the vertekFig. 1(b) and(c)]. The asymmetry

of this distribution is opposite for peaks and valleys. The

second asymmetric function will be introduced by assump- ACFt(r)=f
tion 2, within the autocorrelation calculation. Assumptions 1

and 3 are of less fundamental importance, but they make the _ ) _ ) o
model easier to illustrate, and allow it to handle a widerwhere ¢ is a temporal integration variable. This is actually
range of conditions. the definition of a running autocorrelation function indexed

by t. Suppose now that the delayed functifh— 7) is con-
volved with a kernel functiora(t) before multiplication:

t w(f—t)s(6)s(6—7)dé, (1)

C. Assumptions s'=sea. (2

Assumption 1: Temporal sharpening of neural re-Thg kemel functiora(t) is supposed to be short and asym-
sponsesThe discharge probability of an auditory nerve fiber 1 atric: skewed with a tail towards largeL et us call “asym-

generally resembles the half-wave rectified motion of theyeic autocorrelation function{AACF) the running cross-
basilar membrane. In response to a pure tone, the probability, rejation function betweesands’:

function consists of peaks that occupy a large proportion of
the period, and are therefore quite wid@uggero, 199p t )
[Fig. 4a)]. Peaks of the autocorrelation functiGhCF) are AACF(7)= J_ww(a—t)s( 0)s'(6— ) d. 3
also wide[Fig. 4(b)], and the auditory system might have
difficulty deriving an accurate pitch estimate on this basis.  Figure 5 illustrates this process. (@) is plotted the dis-
Probability functions may, however, be sharpened, for excharge probability function, sharpened as argued in the pre-
ample, within onset cells in the cochlear nucléBalmer and  vious paragraph. lb) is shown its convolution with a short
Winter, 1992, as illustrated in Fig. &). As a result of this  kernel function shaped as a decaying exponential of time
sharpening, peaks of the ACF are also much shaipier. ~ constantt,. In (c) is shown the cross correlation of wave-
4(d)]. Assumption 1Is that a sharpening stage is involved in forms in(a) and(b), called AACF. Its modes are asymmetric
the pitch perception process. A full discussion of the necesand skewed in the direction of shorter lags. Other than that,
sity and plausibility of this assumption is deferred to Sec.the AACF is not too different from the ACF, hence the name
IVA. “asymmetric autocorrelation function.Assumption 2s that
Assumption 2: Asymmetric implementation of autocorrethe pitch perception process involves such an asymmetric
lation. The autocorrelation functiofACF) is, by definition,  autocorrelation function, rather than the standard symmetric
the cross correlation of a signal with itself. The product ofautocorrelation that is usually postulated by autocorrelation-
two terms, the signai(t) and the delayed versi@{t—7), is  based models of pitctLicklider, 1956; Meddis and Hewitt,
summed over a windowv(t): 19914, b. This assumption is justified in Sec. IV A.

2648 J. Acoust. Soc. Am., Vol. 107, No. 5, Pt. 1, May 2000 Alain de Cheveigné: Peak/trough pitch asymmetry 2648



T T T T physical estimates. This is necessary for the model to play its
role. Note that it implies some circularity, as the period is not
known before estimation. This consideration determines the

: lower limit of the window size. The upper limit is treated as

\

15

p a free parameter, as is the position of the window within the
time (m

stimulus.

|
I

The convolution kernel functioa(t) used in the AACF
25 is taken to be shaped like a decaying exponential. Its time
constantt, must be small relative to the period, but other-
wise it is treated as a free parameter.

[AAcF] Pitch is supposed to depend on the position ofrtfaxi-
\ © mumof one or more modes of the AC@r AACF), rather
0 05 10 15 20

)

(a) | |
T T
L (b) | |
0.5 1.0 2.0
s)

than on, say, their center of gravity or positions of maximum
slope. The accuracy with which this position can be deter-
mined is assumed to depend on the “sharpness” of the mode

FIG. 5. (a) Sharpened discharge probability functish) Same, after con-  (inverse of the width at some proportion of the hejgfithis

volution with a window shaped as a decaying exponential of time constangssumption is reasonable if noise is superimposed on the
0.25 ms.(c) “Asymmetric autocorrelation function'{AACF) of the sharp- function
ened probability functioficross correlation ofa) and (b)]. '

0
lag (ms

Assumption 3: Pitch is derived from higher-order
modes In the autocorrelation model of pitch, it is usually
assumed that pitch is derived from the first mdtperiod ||| BEHAVIOR OF THE MODEL
peak”) of the ACF. However, it has been argued that the
auditory system might take into account higher-order modes  T¢ set the stage, the simple case of an unmodulated tone
(Srulovicz and Goldstein, 1983; de Cheveigh®89; Slaney, is considered first. Then the model is applied to the
1990. Higher-order modes have a smaliefative width,  frequency-modulated tones used by Demany and colleagues.
and this helps account for the small size of discriminationn every case, two versions of the model are illustrated: stan-

thresholds. The maximum order is limited by the stimulusgard autocorrelatiofACF) and asymmetric autocorrelation
duration, so the use of higher-order modes might explain theaacF).

approximate inverse dependency on stimulus duration ob-

served by Moorg1973 below 1-2 kHz.Assumption 3s  A. Unmodulated tone
that higher-order modes of the AQér AACF) are exploited

in the task of discriminating the vertex frequency of peaks o
troughs.

" Figure Ga) represents the discharge probability evoked
by a 1-kHz pure tone of duration 10 ms. The representation
is idealized(no transitory effects of filtering or haircell trans-
duction. Figure &b) shows the ACF of the probability func-
tion in (a). The integration window size was 5 ms, and it was
placed to cover the end of the stimulus. Had it been chosen
The following conventions are made in the interest ofzg large agor larger thah the stimulus duration, the enve-
clarity. Basilar membrane filtering is ignored and the prop-jppe of the ACF would have been triangular. Had it been
erties of hair-cell transduction are reduced to a simple halfzhgsen shorter, for example, equal to 1 ms, the envelope
wave rectification. The integration window of the running ywould have been flattethad it been chosen shorter still,
ACF and AACF is chosen to be squdrather than exponen- ACF, would have fluctuated strongly with. Whatever the
tial as in the models of Licklider, 1956, or Meddis and window size, the ACF is zero for lags greater than the stimu-

D. Modeling conventions

Hewitt, 1991a, Iu lus duration.
t Figure 6c) shows the AACF in response to the same
AACF(7)= ftiDS( 0)s'(6—7)dé, (4)  tone. The time constant of the convolution kernel function

wast,=0.25ms. The integration window was the same as

where D is the duration of the window. The square shapefor the ACF. The AACF has the same envelope as the ACF,
allows the position of the window to be defined more pre-and can be calculated for the same range of lags. However,
cisely, so the effects of window size and position can besach peak is skewed, as in Figch
better understood. Note that, for nonzero valuesr,othe The purpose of this example was to provide a simple
calculation includes samples that beitsidethe window. In  reference to help understand the more complex patterns ob-
signal processing the signal is often set to zero outside th&ined with modulated stimuli. The stimulus was chosen rela-
integration window, to avoid the contribution of such tively short to illustrate the fact that the running autocorrela-
samples. That custom is not followed here. tion is limited to lags shorter than the stimulus duration. It

In the simulations, the duratidd is chosen long relative also shows how the envelope of the ACF or AACF depends
to the period in order to avoid rapid fluctuations of the periodon the shapes of the stimulus envelope and integration win-
estimate, rather than on the basis of physiological or psychadow.
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time (ms)
(b) |trough
o ACF
Hl“lln. 2
|AACF
(©)
0 2 4 6 8 10 12 14
lag (ms)
FIG. 6. (a) Idealized discharge probability evoked by a 10-ms pure tone of (d) trough

frequency 1 kHz. Filtering and transitory effects are ignored in this simula-
tion. (b) The ACF of the discharge, for positive lags. The integration win-
dow covered the last 5 ms of the stimulus. If it had covered the entire
stimulus, the ACF would have had a triangular enveldpeThe AACF for

the same stimulus, with the same integration window. The time constant of h h h A

the convolution function in the AACF was 0.25 ms. 0 1 2 3 4 5 6 7
lag (ms)
B. Cosine-shaped peaks and troughs of modulation FIG. 7. (a) The ACF for a cosine-shaped modulation peak, calculated over

. i a 40-ms window placed before the vertés) The ACF for a cosine-shaped
The stimulus is a 200-ms frequency-modulated puretrough, calculated with a similarly placed window. Peaks are skewed in
tone, such as used by Demany and McAndll$94). The  opposite directions for peaks and valleys, but their sharpness is the &me.

modulation waveform is shaped as one period of a cosinéhe AACF for a cosine-shaped pedkl) The AACF for a cosine-shaped

. . . . . trough. Peaks are rounder for valleys than for peaks, particularly peaks of
function (valley) or its oppositepeak [Fig. 1(a)]. Its ampli- higher order
tude is 0.5 oct and the frequency at the vertex is 1 kHz.

Figure Ta) shows the standard ACF for a peak. It was . .
) . S are less sharp than for the peak, especially higher-order
calculated with a window of duratio® =40 ms placed be- . .
modes. This difference can be understood from the

fore the modulation vertexi.e., covering the last 40 ms of “lemma” of Sec. IIB. The two functions that, convolved

the ramp preceding the verfexrhe effect of window posi- L
. her, pr he m h reftthguency distribu-
tion is discussed further on. The modes are widened as tgget er, produce the Od? shape a ef. ency distribu
. T . : tion, on one handskewed in different directions for peaks
result of modulation, and their width increases with mode : )

: . and troughs and theexponential-shaped kernel functiar

order. They are also highly skewed, with a sharp peak and L ; .
. . ; . e AACF, on the other. This difference explains, according
tail towards longer lags. This reflects the nonuniform instan-
S tq the present model, the asymmetry found by Demany and

taneous frequency distribution a consequence of the rounde ; L R
: : colleagues for cosine-shaped stimuli. As the explanation in-

shape of the peak of the modulation function.

Figure 7b) shows the standard ACF for a valley. The volves only sa_mples preceding the vertex, it applles.also to
. X : . the asymmetries that they found between end-of-rise and
integration window was placed as {@. The modes are

skewed as in(@) but in the opposite direction. They are, end-of-fall of half cosine-shaped ramfi3emany and Cle-

however, just as sharp: if pitch were derived from the posi-em’ 1997

tion of the modes of the ACF, there would be no reason for ) -
discrimination to be worse for valleys than for peaks ofl: The effect of window position
modulation. The shape of the AACFand of the ACF is quite sen-
Figure 7c) shows the AACF for a peak. It was calcu- sitive to window position. Figure &thin line) shows the
lated using the same integration window as for Fig@).7The ~ AACF for a 40-ms window placedfter a modulation peak
time constant of the convolution kernel function wgs (i.e., covering the first 40 ms of the decreasing ranihe
=0.25ms. The modes are wider at their base than those dlfick line represents the envelope of the AACF for the pre-
the ACF (an expected effect of the convolutiprbut they  vious window position(before the apex
remain quite sharp at their tips. Low-order modes are skewed Higher-order modes are sharper and more prominent
to the left, and high-order modes to the right, while interme-when the window is placed after the peak rather than before.
diate modes are more or less symmetrical: this reflects th€he difference may seem paradoxical, as windows placed
interplay of the fixed width of the convolution kernel func- before and after the apex cover similar portions of the wave-
tion with the increasing width of the ACF modes due toform. The explanation is simple: the ACF and AACF calcu-
modulation. lations include samples thatecedethe window. For a win-
Figure 7d) shows the AACF for a valley. The modes dow placed before the vertex, these samples belong to the
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(%)

sd/mean

FIG. 8. Thick line: AACF for a cosine-shaped peak, calculated over a 40-ms
window placed before the vertex. Thin line: same for a window placed after
the vertex.

same slope of the modulation waveform as the window it-
self, whereas for a window placed after the vertex they be-
long to the opposite slope. A mode of ordecan be under-
stood as a histogram of the durations of the population of
interpulse intervals of ordée. For a window placed after the
vertex, many of these intervals span the vertex, that is, the
region where the sweep rate is smallest. In addition, one end
of a kth order interval follows a slope of increasing fre-
guency(decreasing perigdwhile the other follows the op-
posite slope. For both reasons, the spreakitioforder inter-

val durations is reduced when the window follows the
vertex. This effect is greatest for lardge Aside from this
difference, one expects an asymmetry similar to that obfiG. 9. Top: ratio of standard deviation to mean of pitch estimate as a
served with a window placed before the apex, because modésction of noise standard deviatici) for peak and trough. The pitch

; estimate was derived from the position of the mode of order 3 of the AACF.
L:;Sig;%sne;gaitmumm shown are less sharp than for a Bottom: peak/trough ratio of pitch discrimination thresholds for various val-

ues of the mode orde¢

trough/peak

also depends on the order of the mode: it increases Wp to
2. Noise model =4 or 5, and decreases slightly beyond that valonet

. . showr).
The d|ffer<_anc_e In peak shapes between Fig) @nd(d) The simulation used a sampling rate of 100 kHz, and
accounts qualitatively for the peak/trough asymmetry. To de-

rive quantitative predictions of discrimination thresholds, theva”ab'“ty was estimated over 5000 repetitions. The vertex

AACF can be assumed to be corrupted by addition of Gausg_requency was 0.5 kHz. Probability functions were sharp-

; . ) o . ened by raising the output of the haircell modstaled to
ian noise with a standard deviation proportional, for eac _1) to the 1000th power. The AACF was calculated with an
sample of the AACF, to the square root of the value of that P X

sample. This noise model approximates the random accuml?_xponentlally shaped kernel of time constdgt=0.4ms,

: : . . . . over a square integration window of duratidh=40ms
lation of counts in a histogram bin, such as might occur if the laced before the vertex
AACF were calculated from neural spike trains within a co-P '

incidence network:

3. Comparison with experimental data
AACF’(7)=AACF(7)+N, AACF(7)°%%, (5

The model has many parametédegree of sharpening,
where AACF is the noisy pattern, AACF is the noiseless kernel time constant,, window size and position, mode
pattern[normalized by division by AACM®)], andN, is a  orderk, noise magnituder, etc) that affect thresholds. To
Gaussian noise of standard deviationand mean 0. It is obtain specific figures, let us arbitrarily choose=0.1 and
further assumed that pitch is derived from fhesition of the  k=3. The variability of the estimate of the mode position
maximumof the noisy pattern near its mode of orderFig- can be read from Fig. 9top). Supposing that this factor
ure 9 (top) shows the simulated standard-deviation-to-meargoverns pitch discrimination accuracy, relative thresholds are
ratio of this statistic as a function @f, for k= 3. expected to be larger by a factor«§f (Hartmann, 199y For
Variability is greater for troughs than for peaks, espe-o=0.1, thresholds for peaks should be about (1% cent$,
cially at small values ofr for which it is determined mainly and for troughs 3%50 cent$, with a trough/peak threshold
by the shape of the modes near their peaks. For larger valueatio of 3. These figures are in rough agreement with those of
of o, gross aspects of the mode shape affect the variabilittpemany and McAnally(1994 or Demany and Claent
which becomes more similar for peaks and troughs. The rati¢1995a for cosine-modulated pure tones.
of variabilities between troughs and peaks therefore de- However, those authors also observed a wide range of
creases as a function of, as plotted in Fig. 9bottom. It interindividual differences. To some extent they can be ac-
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FIG. 10. Points: plot of thresholds for valleysrdinate versus peakgab-
scissa, for different subjects and sessions of Demany and McArabp4.
Lines: thresholds predicted by the model for various values of the mode
orderk.

counted for by assuming different parameter values. Figure
10 shows a scatter plot of experimental data points obtained
by Demany and McAnally(1994), together with thresholds
predicted by the model for several valuekpéndo ranging
between 0 and 0.3. Most data points can be approximated by
model predictions. However, a few data poifgsbject HP lag (ms)

lie beyond the range of model predictions. They could pos-

. . " EIG. 11. () The ACF for a triangle-shaped peak, calculated over a 40-ms
Slbly be accounted for by assuming an additional source 0\]’;/indow placed before the verteth) Same for a trough(c) The ACF for a

variability, but asymmetry is likely to be reduced if this vari- triangle-shaped peak, calculated over a 40-ms window placed after the ver-
ability affects peaks and troughs equally. It is not clear howtex. (d) Same for a trough(e) The AACF for a triangle-shaped window
this issue can be resolved. placed after the vertexf) Same for a trough.

To summarize, the model produces pitch thresholds and
peak/trough ratios that are in approximate agreement with . .,
experimental data obtained for cosine-modulated pure tone§OUNt for the asymmetry, and also for the “hyperacute” fre-
In principle the explanation is also valid for complex tones,dUency discrimination that Demany and @ient observed
although this was not verified formally. The model would foF Peaks of triangular modulation®
produce similar predictions at other frequencies if one sup- [ the integration window is placedeforethe vertex,
posed a uniform scaling of its temporal parametgime ndeed no asymmetry is observed. Figuréal and(b) show
constant, window size, elc.As there is no compelling rea- the ACFs for a peak and a trough, rQSpectlvgly. .Modes are
son to expect perfectly uniform scaling, the differencesP!Unt and low, all the more so as their order is high, and it
across frequency noted by Demany andn@et(19953 are c_ioes not seem that_ they would support accurate discrimina-
not unexpected. The next section examines whether thion- If the window is placed before the vertex, one can ac-
model can be generalized to two other forms of modulatiorPUnt for neither perceptual asymmetry nor hyperacute dis-

used by Demany and colleagues: triangular-shaped modul§!'mination. _ o _
tion and half-cosine ramps. If instead the integration window is placedter the ver-

tex, each mode consists of two parts: a rectangular pedestal
and a sharp “spire,” as shown in Fig. () for a peak of
modulation. The spire represents intervals that span the peak,
while the pedestal represents intervals that do not. The spire
can be attributed to the effect noted in Sec. Il B: if the pulse
So far the reasoning relied on the fact that the frequencyhat ends an interval is displaced along one slope of the ver-
distribution is not uniform near the vertex of cosine-shapedex, the pulse that begins it moves along the other. Any FM-
modulation. This is no longer true if the modulation is tri- induced change of period at one end is compensated by the
angle shaped, because the linear sweeps on either side obpposite change at the other. The compensation is yet more
sharp vertex imply an almost uniform distribution. The effective than for cosine modulation, because the slopes on
model should fail in that case, yet we know that the percepeither side are more nearly constant and equal. For a valley
tual asymmetry is, if anythinggreater for sharp than for of modulation the modes are similarly skewed, but in the
flattened vertice§Demany and Cl@ent, 1997. How to ac-  opposite directioFig. 11(d)]. The spires are equally sharp

C. Triangular peaks and troughs of modulation
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for peaks and valleys, so one cannot expect an asymmetry fulses ofs were wider, their shape would dominate the con-
discrimination is based on the ACF. volution and the asymmetry of the pulses 3f would be

For the AACF, on the other hand, modes are sharper foreduced, and it is uncertain whether the model could explain
a peak than for a trouglFig. 11(e) and(f)]. This difference  peak/trough ratios as large as those observed. Certainly, the
explains the asymmetry that Demany and r@éat (1997 model could accommodasveralsharp, well-spaced pulses
observed fottriangular modulation, according to the present per period instead of one.
model. The explanation is the same as for cosine modulation, Sharp pitch-following responses have been found in the
although the origin of the nonuniform interval distribution is cochlear nucleus. Temporal sharpening might be the result of
different. En passantthe model accounts for the “hyper- the convergence of fibers on coincidence counting neurons
acute” discrimination observed for triangular peaks, a con{Kim et al, 1986, 1988; Palmer and Winter, 199&hibi-
sequence of the mechanism that produces sharp spires in then (Mgller, 1983, refractory effects, etc. Standard devia-
higher-order modes. A similar hyperacuity would hold for tions of first spike latency as small as 1@& have been
troughs if it were not for the deleterious effect of the mecha-reported by Rhode and Greenbdf$92, and there is evi-

nism that produces the asymmetry. dence that time constants of spike integration can indeed be
short, and possibly also tunable by varying the resting poten-

D. Ramps tial of neuron membraneBanks and Smith, 19921t has

1. Cosine-shaped ramps been proposed that such sharp responses might be a good

As pointed out earlier, the reasoning of Sec. Il B for gubstrate for pitch, but the proposition has_ also been ques-
tioned, because sharp pulses tend to be quite phase sensitive,

windows placed before the vertex applies directhetalsof ) e i
ramps shaped like half-cosine periods. The model predicts a%nd disappear for stimuli that lack a deeply modulated tem

: oy oral envelopgPalmer and Winter, 19920ther arguments
asymmetry in favor of rising ramps, as was observed b)g ainst sharpening were put forward by Shoffi99 and
Demany and Chment(1997. For beginningsof ramps, one 9 P g P y

. de Cheveigné1999.
can apply the results of Sec. Ill B for windows placed after Sharpgnii is%mt a common assumption in pitch models
the vertex, with the important difference that samples to thebas 9

left of the window now fall outside the signéiather than on H e‘?t 239futocorreIatlorI(:th(_:kh(?jer,Crl]956.; Mlegg;; bar:d
the opposite slope of a verteXAs a result, high-order modes ewitt, a, por cancellation(de Cheveigne » b

are less well defined than in the case of full cosines, anéhose models could certainly accommodate it. The strobed

discrimination should be less accurate, as Demany angzmporal integration(STI) Of. Pattersonet al. (.1993 IS
Cléement observed. One nevertheless still expects a pea uivalent to a cross correlation between the discharge prob-

: : bility function and a strobe function with a single pulse per
trough asymmetry which was indeed foufmbt shown. a
9 y y ) period. That strobe function is similar to the sharpened prob-

ability function assumed here, although the roles they play in
N ] the respective models are quite different.

Contrary to all the condltlpns conS|dgred so far, the Assumption 2Assumption 2(asymmetric autocorrela-
model predicts no asymmetry in the casehn{aa}‘r ramps.  tjon) introduces the “peaked asymmetric function” that,
'I_'he”frequenc_y distribution is uniform, and the “compensa-cqnyolved with the asymmetric interval distribution, pro-
tion” mechanism that produced sharp spires is ineffective agy,ces a difference in accuracy between the frequency repre-
it depends on the existence of ramps on both side of a verteXenations of peaks and troughs. This assumption is essential.
The perceptual asymmetry should thus not be observed fqf ghqyiq be stressed that the opposite Kerel shape would

linear ramps. Hyperacqity of pitch Qiscrimination also 5h°“|dproduce theoppositeperceptual asymmetry. It is therefore
not be observed. Discrimination might thus actuallylm®se  oqcential to justify the orientation of the asymmetry of the

for the end of a ramp than for a peak flanked by linear ramp$.onvolution kernel function involved in the AACF.
on both sides, despite the absence of the potentially interfer- One can imagine at least two physiological accounts for

ing portiqn following the Peak; .Unfor'tunately linear ramps smoothing of the delayed probability functigbut not the
were not included in the stimuli mvestlgated bY [_)emany_andundelayed functionby convolution with a short, rightward-
Cle_ment (1999, so we cannot test this prediction against gy ewed kernel function(a) A first hypothetical account is
their data. that a jitter arises in the neural delay line, for example by
reduction of conduction velocity following a spike. Spikes
IV. DISCUSSION that follow closely after another spike would be delayed,
This paper offered an account for the perceptual asymadding a “tail” to the distribution of spike times on the side
metry found by Demany and colleagues. It requires severaf greater delays(b) A second hypothetical account is that
strong assumptions that are reviewed here. the “coincidence counting neuron” of Licklider's neural
network is actually agating neuron The transmission of
undelayed spikes is controlled by the density of delayed
Assumption 1Assumption l(narrowing of the pulses of spikes, and the measure of this density naturally involves
the spike probability functios) allows the shape of pulses of temporal smoothing. Each delayed spike contributes to the
the convolutions’=seca to be determined mainly by the state of the neuron by an amount that decays exponentially,
shape of the asymmetric kernel functia(t). Such narrow- hence the exponential shape of the smoothing kernel func-
ing is not critical to the principle of the model, but if the tion. Supposing that the gate controls the probability of

2. Linear-shaped ramps

A. Importance and plausibility of the assumptions
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transmission of undelayed spikes without affecting their la-of the order of the particular mode being used for a pitch
tency, the undelayed probability function remains un- match. The “narrowed autocorrelation function(Brown
smoothed. Spike probability at the output of the gate is thusind Puckett, 198%as been proposed as a synthetic repre-
the product of the undelayed input probability by the delayedsentation of all modes up to a certain order. It combines the
probability convolved by an exponentially shaped smoothingaccuracy of the higher-order modes with the lack of ambigu-
kernel function. The spike count, across an array of suclity of the lower-order modegde Cheveighe1989; Slaney,
neurons indexed by delay, should resemble the AACF. 1990. Alternatively one can imagine an algorithmic process

The second interpretation requires an assumgtiating by which modes are registered in succession, starting at the
neuron that may seen unnecessary in the context of autocorowest-order mode.
relation. However, it is congruent with the notion of “neural Other assumptionsintegration windows were chosen
cancellation filter” that was used for pitch estimation in a square for clarity, and it is not expected that other shapes
model very similar to autocorrelatiode Cheveigne1998.  would lead to significantly different results. Exponential-
The nuance between “gating neurons” and “coincidenceshaped windows are a natural choice, although estimates of
counters” is significant if one imagines that the neural filterstemporal integration windows in other contex®lack and
are one stage within a time-domain neural signal-processinlyloore, 1990 have lead to more rounded shapes.
network (Delgutte, 1984 A gating neuron can feed further Integration windows were chosen relatively larGd
processing, whereas a simple coincidence counter is a “dea®s to produce legible effects in the plots, but asymmetries
end” as far as further time-domain processing is concernedlso occur for shorter windows. As argued above, windows
Note that if the first interpretation were trugtter in the  should not be smaller than the stimulus period. The value of
delay lin®, the convolution kernel function might be tempo- 2.5 ms suggested by Licklidéi956 and retained by Med-
rally wider for longer delays, rather than fixed as was asdis and Hewitt(1991a, b would be adequate at 1 kHz, but
sumed here. much too short at lower frequencies. It certainly should not

Incidentally, the asymmetry of the AACF makes it sen-Pe taken as a norm. One can argue that the auditory system
sitive to time reversal, and this might constitute yet anothefas some latitude in choosing window sizes, and can within
explanation of the ramp/damp asymmetries observed bymits choose the best size for the task at h&Hértmann
Pattersor{1994a, b; de Cheveign&998. and Klein, 1980.

Assumption 3Assumption Juse of higher-order modes The behavior of the model is evidently dependent on the
as pitch cuesis not essential for producing a peak/trough "ange of modeorders that are allowed to enter the pitch
asymmetry for cosine modulation, although it makes thing$stimate, and the rule by which evidence from modes of
easier by “magnifying” the skew. It is required for produc- different orders is integrated. The range illustrated here was
ing an asymmetry for triangular modulatidthe skew arises chosen arbitrarily. The asymmetry is a]so critically depen-
mainly for modes of order-1). It is also useful for explain- dent on the use of theosition of the maximuraf a mode as
ing the hyperacuity of frequency discrimination at a triangu-the statistic. The matched filter of Srulovicz and Goldstein
lar peak. (1983 would probably not show the same asymmetry. A

As pointed out earlier, higher-order mode cues are Statistic ba_lsed on the position of maximsiopemight show
useful hypothesis if one is to explain very accurate pitchiN® OPPOSsite asymmetry, etc.
discrimination, or the inverse dependency of thresholds on
duration. They are indispensable in any model based on in-
terval histograms derived frosingle fibersas the first mode B- Significance of the model
of both ISI and AC histograms disappears between 500 Hz  The perceptual asymmetry found by Demany and col-
and 1 kHz due to refractory effects. However, this constrainteagues appears to be robust and general over a wide range
does not apply to interval statistics withgroupsof fibers,  of stimuli. This paper offered an account on the basis of
which are anyway a more reasonable assumption as theymergent properties of a sensory mechanism. One cannot
make much better use of the available temporal informatiorexclude that the asymmetry is due instead to a cognitive
(de Cheveigng1993, 1998 process that somehow “favors peaks,” or a mechanism such

Yost (1996 found that iterated-rippled-noise stimuli that as that proposed by Gleent (1996 at some intermediate
differed by (waveform autocorrelation modes other than the stage. At this point, it is probably unwise to cling dogmati-
first had similar pitch strengths and were not readily discrim-cally to one hypothesis over the others. The contribution of
inable. It is not clear whether that result can be generalized tthe present model is twofold: to demonstrate that a sensory-
imply that higher-order modes of autocorrelation histogram$ased explanation is possible, but also a contrario to reveal
cannot be used ianytask, in particular frequency discrimi- its cost in terms of assumptions.
nation with the stimuli of Demany and colleagues. This model should not be seen as a general-purpose

An obstacle to the use of higher-order modes is that theynodel of pitch perception, or as an “improvement” over
require long delay lines. The lack of physiological supportprevious models. It is rather a description of the assumptions
for long delay lines is a weakness of time-domain modelghat must be added to a standard model, autocorrelation, pos-
such as autocorrelation, and the higher-mode assumptiasibly reflecting detailed properties of that model’s implemen-
rather makes it worse. High-order modes are also problentation, in order to account for this particular phenomenon. It
atic in that they are multiple, and therefore ambiguous, ands not worth burdening the general-purpose model with as-
the auditory system would need a mechanism to keep trackumptions needed only to explain a restricted class of phe-
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nomena. It is, however, worth keeping track of any evidence,
behavioral or physiological, in favor or against them.

form distribution of interpulse intervals near the vertex
of modulation. This interaction produces cues that are
The number and strength of the assumptions “raise the sharp in the case of peaks, and blunt in the case of
stakes:” either the model is accepted and the assumptions troughs.
constitute a set of strong constraints on auditory processe&}) The nonuniform interval distribution results from two
or else it is rejected precisely for that reason, as it requires factors. The first is the rounded shape of the instanta-
the conjunction of hypotheses that are too many and too neous frequency distribution near the peak or tro(igh
strong. This choice depends on the plausibility of the hypoth-  cosine-shaped modulatipriThe second results from the
eses, which has been discussed. It also depends on the exis- existence of two populations of interpulse intervals, one
tence and plausibility of alternative explanations for both ~ comprising intervals that span the vertex, the other inter-
asymmetry and hyperacuity. vals between pulses on the same slope of the vertex. For
En passantthe model gave an account of hyperacute linear modulation(triangular shapedthe second factor
frequency discrimination at peaks of triangular modulation.  contributes alone to the nonuniform distribution of inter-
This depends only on assumption 3, and not on the other vals.
assumptions, and so this model of hyperacute discriminatiofb) The relative invariance of interpulse intervals that span
might be retained even if the complete model of pitch asym-  the vertex accounts also for “hyperacute” discrimina-
metry is not. tion of triangular-shaped modulation peaks. Discrimina-

Alternative explanations of the asymmetry might be
built following the same principles but differing in particu-

lars. For example, the “lemma” of Sec. Il B might be ap- (6)
plied to another representation of the frequency distribution,

for example, spectral. Convolution with a kernel function of
appropriate shapéskewed with a tail towards higher fre-
guencies might produce the appropriate form of asymmetry.

tion of troughs benefits less because of the smoothing
mechanism that causes the perceptual asymmetry.

The model accounts for perceptual asymmetry between
peaks and troughs of modulation, whether cosine shaped
or triangular. It also accounts for perceptual asymmetry
of half-cosine-shaped ramps. However, liaear ramps,
neither perceptual asymmetry nor hyperacute discrimina-

Interestingly, such a shape is found in pure-tone excitation tion are to be expected. No experimental evidence is yet
patterns at high amplitudes: convolution with the frequency available to test this prediction.
distribution should yield a slightly sharper excitation pattern(7) The model requires several strong assumptions in addi-
at peaks than at troughs. However, it was seen in the Intro- tion to the asymmetric form of the autocorrelation. Dis-
duction that there are several reasons to doubt an explanation charge probability functions originating in the periphery
based on the asymmetry of excitation patterns, and to prefer must be “sharpened” to narrow pulses before pitch es-
an account based on temporal cues, of which this paper is an timation. Discrimination must rely on the high-order
attempt. Whether the model is a success or not, the phenom- modes of the(asymmetri¢ autocorrelation histogram,
enon that was revealed by Demany and colleagues is suffi- rather than just the first mode.
ciently ubiquitous to justify serious efforts to elucidate it.
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