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Fundamental frequencyf () difference limengDLs) were measured as a function fqf for sine-

and random-phase harmonic complexes, bandpass filtered with 3-dB cutoff frequencies of 2.5 and
3.5 kHz (low region or 5 and 7 kHz(high region), and presented at an average 15 dB sensation
level (approximately 48 dB SPLper component in a wideband background noise. Fundamental
frequencies ranged from 50 to 300 Hz and 100 to 600 Hz in the low and high spectral regions,
respectively. In each spectral regiofy DLs improved dramatically with increasing, as
approximately the tenth harmonic appeared in the passband. Gengy&lys for complexes with
similar harmonic numbers were similar in the two spectral regions. The dependentg of
discrimination on harmonic number presents a significant challenge to autocorrée@ipmodels

of pitch, in which predictions generally depend more on spectral region than harmonic nhumber. A
modification involving a “lag window”is proposed and tested, restricting the AC representation to
a limited range of lags relative to each channel’'s characteristic frequency. This modified unitary
pitch model was able to account for the dependencig @Ls on harmonic number, although this
correct behavior was not based on peripheral harmonic resolvability20@ Acoustical Society of
America. [DOI: 10.1121/1.1904268

PACS numbers: 43.66.Hg, 43.66.Ba, 43.66.R€V] Pages: 3816—-3831

I. INTRODUCTION high-order harmonics fall within a single auditory filter and
. ) ) ) will therefore be unresolved by the auditory system. To esti-
Psychophysical studies of the pitch of harmonic tonem;ie thef ), the individual frequencies of resolved low-order
complexes have demonstrated a relationship between thgsslved components, derived from either rate-place or tem-
ability to discriminate small differences in fundamental fre- poral phase-locking cues, could be compared to an internally
quency (o), and the harmonic numbers presented, i.e., thgigred harmonic templatéGoldstein, 1973; Wightman,

ratios between the frequencies of the individual harmonicg73- Terhardt. 1974. 1979 Srulovicz and Goldstein 1983
components and, of the stimulus(Houtsma and Goldstein, A separate temporal mechanism could estimate fghéor

1972; Houtsma and Smurzynski, 1990; Shackleton and Cafjnresolved harmonics, by acting on the temporal envelope

Iylon, 1994; Bernstein and Oxenhahrr}, 2m08ar.morluc cor:n— resulting from the interaction of several components within a
plexes containing components with frequencies less than teé]ngle auditory filter, which has a periodicity corresponding

times.thefo, i.e., hqrmqnip ngmbers below the ten'th, genery, thef, (Moore, 1977; Shackleton and Carlyon, 1994; Cari-
ally yield goodf, discrimination performance, while those ani and Delgutte, 1996a

containing only harmonics above the tenth yield podigr Certain results in the literature have provided evidence

glos(():rlummatlon gtre]rfodr_r;ancr:a, ;t Ie_as_t f(};’s n thﬁ 19°|dt° d that f, discrimination performance is related to harmonic
by | z rangeﬁ he ('j ereh b |sc.r|m|ﬂa |ontreds.l:. S y:le E resolvability. One such result concerns the effect of phase on
y low- and high-order harmonics have traditionally been; - yisqrimination. Houtsma and Smurzyng&i990 showed

explained in terms of harmonic resolvabilitCarlyon and : .
) L that both the magnitude and the phase-dependenty dif-
Shackleton, 1994; Shackleton and Carlyon, 199he indi- ference limengDLs) varied with harmonic number in the

vidual frgquenqy components 9f a h‘?‘rmo’?ic comple?< ar%ame way. Complexes containing low-order harmonics

spaced Imeg rly |r; frequency, WT”e azdltglry f":[erhbandw'qthsyielded smallf, DLs that were not affected by the relative

?rree l?elzar?éioe)gg?;)e Yl_hir?feorﬂggg tso z;cien 'giﬁve(;nalrgv(\:lt_i':jz(;phase of the individual harmonics, whereas complexes con-

ha?monics will b;a wider t%an thye kl))andvgidths of the auditorytaining only high-order components yielded _Iarg@_DLs

filters they excite. As a result, one low-order harmonic will that were phase-dependent. The phase relationship between
. : oo . : X harmonics should only affedt, discrimination if the har-

dominate the output of a single auditory filter, and will there-

. .~ monics are unresolved and interact within a single auditory
fore be resolved by the auditory system. Conversely, mumpleﬁlter (Moore, 1977; Shackleton and Carlyon, 199%here-

fore, the co-occurrence of large and phase-deperfgeDts

dAuthor to whom correspondence should be addressed; electronic maiﬁnggeSt'S thatty diS(':r.imination pgrformance also depends on
jgbern@mit.edu harmonic resolvability. Another important result concerns the
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ability to hear out the frequency of an individual harmonic of ing that any deterioration ifi, discrimination seen in the AC
a complex, which is a more direct estimate of harmonic reimodel is a function of the roll-off of phase locking with
solvability. Bernstein and Oxenhaif2003 found thatf,  absolute frequency, as was seen in the physiological record-
DLs showed the same dependence on harmonic number agys of Cariani and Delguttél9963, and not a function of
listeners’ abilities to hear out harmonic frequencies. Belowharmonic number as seen in psychophysical stu@ésck-
about the tenth harmonid, DLs were small and the fre- leton and Carlyon, 1994; Bernstein and Oxenham, 2003
guency of an individual harmonic could be heard out. AboveAccording to Carlyon1998, the most important shortcom-
the tenth harmonicf, DLs became large, and individual ing of the Meddis and O’'Mard1997 AC model is that it
component frequencies were no longer discriminable fronfails to predict the effect of harmonic number tipdiscrimi-
nearby pure-tone frequencies. nation seen in the psychophysics: two harmonic complexes
These studies have shown tHgtdiscrimination perfor-  with different fy’s, bandpass filtered in the same spectral
mance has the same dependence on harmonic number as tv@gion, yield very differentf, discrimination performance
different measures that clearly depend on harmonic resolwhen one complex contains low-order harmonics and the
ability. Nevertheless, this is not conclusive evidence fhat other does notShackleton and Carlyon, 1994
discrimination is directly dependent on harmonic resolvabil- ~ The present study addressed this controversy. The Med-
ity. In fact, several results in the literature suggest that dis and O’'Mard(1997) unitary AC model of pitch perception
discrimination performance does not depend on harmoni#as tested for its ability to account for the effects of har-
resolvability per se Bernstein and Oxenhaf®003 showed monic number onf, discrimination. A psychophysical ex-
that the dichotic presentation of harmonic complexes, wher@eriment measuring, DLs as a function off, for fixed
even and odd components were presented to opposite eapectral regions was performed in order to provide more data
did not increase the harmonic number of the transition bepoints than the sixtwo fy's times three spectral regions
tween good and pod, discrimination, even though twice as tested by Shackleton and Carly¢h994. The same stimuli
many peripherally resolved components were availablewere then passed through the Meddis and O'Ma&87 AC
Similar results were shown with the dichotic presentation ofnodel to determine its ability to predict the experimental
two-tone complexes in normal-heariigoutsma and Gold- results. Overall, the AC model failed to predict the experi-
stein, 1972 and hearing-impaired listener@rehart and mental results. Whereas the experimental reqaléscribed
Burns, 1999. These results raise the possibility that the cor-in Sec. 1) showed decreasinig, DLs with increasing o, the
relation between the dependenciesfgDLs and harmonic Model predictiongdescribed in Sect. llishowed the oppo-
resolvability on harmonic number is epiphenomenal and nogite trend. A number of possible modifications to the model
causal. were then tested. Of these, the most successful was one simi-
As an alternative to harmonic template theories, pitcHar to that suggested by Moo(982, in which place depen-
could be derived from a single temporal mechanism that actd€ncy is introduced into the model, such that each frequency
on timing information from all frequency channels, regard_channel responded only to a limited range of periodicities
less of resolvability(Licklider, 1951; Meddis and Hewitt, related to the channel's CF.
1991a,b; Cariani and Delgutte, 1996a; Meddis and O’'Mard,
1997; de Cheveignd 998. A recent implementation of these - EXPERIMENT: F, DLs WITH A FIXED SPECTRAL
timing-based models is the Meddis and O'M&4®97 uni- ENVELOPE
tary autocorrelationfAC) model of pitch perception. The A. Rationale
Meddis and O’Mard model performs an AC of the probabil-
ity of firing as a function of time in each simulated auditory
nerve fiber(ANF). These individual autocorrelation func-

tions are then summed across al freqqency channels to P'he effects of harmonic number dry discrimination. This
duce a summary autocorrelation functigACF). The AC experiment also addressed two issues surrounding the

n each ?:ngnel ﬁotr;]tam.f peaksdattatr[])erlod Tqual ;Oththl%echanisms underlying pitch processing: the roles of phase
INVerse o o Whether it responds to the envelope of the, temporal fine-structure iy discrimination.

waveform of several interacting components or to an indi-
vidual resolved frequency component at a multiple offthe - Phase
Therefore, the SACF will contain a large peak at the inverse  Previous results have shown that the phase relationship
of the fy, allowing the extraction of thé,. This mathemati- between harmonics affecfg DLs (Houtsma and Smurzyn-
cal formulation is analogous to calculating the all-order in-ski, 1990: harmonic stimuli with “peakier” wave forms,
terval histogram based on spike times in the auditory nerveuch as sine- or cosine-phase complexes, yield smgller
(Cariani and Delgutte, 199%haMeddis and O’Mard(1997) DLs than those with “flatter” waveforms, such as random-
have argued that this AC model can account for the effect obr negative Schroeder-phag8chroeder, 1970complexes.
harmonic number offiy discrimination indicated by the psy- However, this phase effect was not apparent in the results of
chophysical results of Shackleton and Carly@894. They  Bernstein and Oxenhai2003. There are two possible rea-
claimed that the AC responds inherently differently to re-sons for this discrepancy. First, different groups of listeners
solved and unresolved harmonics, yielding the requikjte were tested for the two phase relationshigsmdom and sine
discrimination behavior. phasg in the Bernstein and Oxenha(B003 study, yielding
However, Carlyon(1998 disputed this claim, suggest- an analysis of variancéANOVA) with less statistical power

This experiment was intended to provide a larger data
set than that provided by Shackleton and Carly®6894
with which to test the ability of the AC model to account for
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than would be expected if the same subjects had been testé@quency region where there is little phase-locking to the
for both phase relationships. Second, as discussed by Berfine structure. Similarly, Bernstein and Oxenhd@003
stein and Oxenhart®003), listeners in their study may have found that for unresolved complexes containing the same
performed thef, discrimination task without extracting the harmonic numberd,; DLs were larger for a 200- than a 100-
fo, by listening for a change in the frequency of the lowestHz f,, which may reflect reduced fine-structure information
harmonic present. Although the lowest harmonic numbein the higher spectral region occupied by the 200-Hz com-
presented was randomized from interval to interval, a larg@lexes. Furthermore, deterioration in phase locking to the
enough change ifi; would overcome this small amount of frequencies of individual partials could affe€y DLs for
randomization. Data analysis showed that for complexesomplexes containing resolved harmonics.

containing only high-order harmonic$y, DLs were large This experiment tested whether the presence of phase-
enough that subjects may have been using the lowest haecking to the fine-structure in the low region aided perfor-
monic cue, rather tham, cues, to perform the task, espe- mance, in a task more closely related to pitch processing than
cially for the random-phase stimuli. If subjects were not us-the AM rate discrimination task of Hadlt al. (2003. Funda-

ing fo to perform the task, then the effects of phasefgn mental frequency DLs were measured in two conditions: a
extraction would not be apparent in the results. “low spectrum” condition (2.5—-3.5 kHz, in which phase-

To address the possibility that the lack of a significantlocking to fine structure is thought to be more available, and
phase effect resulted from different groups of listeners para “high spectrum” condition(5—-7 kHz, in which phase-
ticipating in two phase conditions, all subjects in the presentocking to the fine-structure information is greatly reduced,
study participated in both the sine-phase and random-phasg least in mammalian species that have been tested so far
conditions. To address the possibility that listeners had useRoseet al,, 1968; Johnson, 1980; Palmer and Russell, 1986;
the frequency of the lowest harmonic rather tHgrcues to  Weiss and Rose, 1988Testingf, DLs in two different fre-
perform thef, discrimination task, the experiment describedquency regions also provided a control to verify thgtdis-
in the following attempted to eliminate lowest harmonic cuescrimination performance depends primarily on harmonic
by using harmonic stimuli with a fixed spectral envelope,number, and nof, per se
and measuringy DLs as a function off,. Although the
frequency of the lowest harmonic increases with increasing
fo, @ lower-numbered harmonic will also begin to appear aB. Methods
the low end of the spectrum. Thus, the cochlear excitation ;. subjects participated in the experiméages 18—

pattern will rc_emain roughly constant, at Iee_lst for those com-211 three female All subjects had normal hearir@5 dB HL

plexes contgmmg only unresolved harmonics Where the lOWbr less re ANSI-1969 at octave frequencies between 250 Hz
est harmonic cue may have played a role. fhsincreases, and 8 kH2 and were self-described amateur musicians with
&t least 5 years of experience singing or playing a musical

creases, allowing a direct comparison with theDL mea- instrument.

surements of Bernstein and Oxenh&003. Results indi- All stimuli were presented in modified uniform masking

cating largerfy DLs in this gxperiment would indipate that noise (UMN,: Bernstein and Oxenham, 200F his noise is
subj_ects may have been using the lowest harmonic cue in théqmilar to uniform masking noisdUMN; Schmidt and
previous study. Zwicker, 199), in that it is intended to yield pure-tone
masked thresholds at a constant sound pressure (87&)
across frequency, but the spectrum is somewhat different;
The effects of phase ofy, discrimination have provided UMN,, has a long-term spectrum level that is &6 dB/Hz
evidence that the pitch of complexes containing unresolve&PL in our studyfor frequencies below 600 Hz, and rolls off
harmonics is derived from the repetition rate of peaks in theat 2 dB/octave above 600 Hz. The noise was low-pass fil-
temporal envelope. Negative Schroeder-phase complexegred with a cutoff at 16 kHz. Thresholds for pure tones at
which have flatter envelopes than sine-phase complexe200, 500, 1500, and 4000 Hz in UMNn the left ear were
yield largerf, DLs (Houtsma and Smurzynski, 199@hen estimated via a three-alternative forced-choice, 2-down, 1-up
unresolved harmonics are presented in alternating sine aratlaptive algorithm(Levitt, 1971). For each subject, pure
cosine phase, yielding temporal envelopes with two peaksone thresholds in UM fell within a 5 dBrange at all four
per period, the resulting pitch percept is judged to be twicdrequencies tested, such that harmonic components presented
the f, (Shackleton and Carlyon, 19p4Still, this does not at equal SPL had nearly equal sensation l€&l). As an
rule out that periodicity information could be extracted from approximation, we defined 0 dB SL for each subject as the
the fine structure of unresolved harmonic complexes in somhighest of the thresholds across the four frequencies tested,
conditions. Hallet al. (2003 demonstrated that phase ma- which ranged from 31 to 33.3 dB SPL across all subjects.
nipulations affected amplitude-modulatid@dM) rate dis- The stimuli were generated digitally and played out via a
crimination performance for unresolved components in aoundcardLynxStudio LynxOng¢ with 24-bit resolution and
high spectral region, but had little effect in a relatively low a sampling frequency of 32 kHz. The stimuli were then
spectral region. Their interpretation was that fine-structurgassed through a programmable attenu@Ii®T PA4) and
cues, which are unaffected by phase manipulations, are uséeadphone buffe(TDT HB6) before being presented to the
in the low-frequency region, while envelope cues, which aresubject via Sennheiser HD 580 headphones. Subjects were
affected by phase manipulations, are used in the highseated in a double-walled sound-attenuating chamber.

2. Temporal fine structure
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Fundamental frequency DLs as a function of a com- Experiment Model

plex's fo were estimated via a three-alternative forced- f, {H2) f,{Hz)
i - - i i i 0, high 1 100 150 200 300 €00 100 150 200 300 €00
choice, 2-down, 1-up adaptive algorithm tracking the 70.7% o enae 50 R s ) 0 200 80 &0

correct point(Levitt, 1971. The f, difference (Af,) was B
initially set to 10% of thef,. The starting step size was 2% 10
of the f,, decreasing to 0.5% after the first two reversals,
and then to 0.2% after the next two reversals. ThBL was
estimated as the average of thgs at the remaining six
reversal points. If the standard deviation of the last six rever-
sal points was greater than 0.8%, the data were rejected ani A B

f, DL (%)

; . a0 30 20 10 40 30 20 10 0
the rL_Jn repeated.. In each trial, j[WO of the three mFervaIs Lowest harmonic number Lowest harmonic number
contained harmonic complexes with a bdgéf g pasd, While e

the other interval contained a complex with a higher Z X i?WhSPzztft“r """" f:gg;memi

. . . Hgn specyum . —— H
fo(fopaset Afg). Subjects were informed that two of the in-
tervals had the same pitch, while the third interval had &arIG. 1. Fundamental frequency Dia) measured psychophysically afig)
higher pitch, and were asked to identify the interval with thepredicted by the optimal detector autocorrelation model, as a function of the
higher pitCh DLs were estimated for six differefg’s in lowest harmonic number present within the passband. Stinfylgscorre-

) " ) sponding to the lowest harmonic numbers are listed at the top. Optimal
each spectral conditiofiow: 50, 75, 100, 150, 200, and 300 model predictions irib) are calculated as the minimum value®$uch that
Hz; high: 100, 150, 200, 300, 400, and 600)HzZhe f,'s d’ exceeds the value af,=190 depicted in Fig. 3. Closed diamonds plotted
tested in the high condition were double those tested in thalong the top horizontal axis indicate thdif was not reached at the maxi-
low condition such that the harmonic numbers presentef™ tested value a5=0.3.
were the same in each spectral region. Measurements were

repeated four times per subject for each combination of fre- o )
quency region, phase, arfg, except for one subject who presented in either sine or random phase. For the random-

completed only two runs for the random-phase conditions. phase stimuli, the phase of each harmonic was newly chosen

Stimuli were resynthesized for each trial of the experi-from. a umfo_rm random d|str|bu§|on ranging from  to
ment. First, diotic harmonic complexes containing equal—+77 in each interval of the experiment.
amplitude harmonics of thé, up to 10 kHz were synthe-
sized. These harmonic complexes were then filtered with: Results and discussion
both fourth-order low-pass and fourth-order high-pass digital ) »
Butterworth filters. The 3-dB filter cutoff frequencies for the For each frequency region condition afyl the lowest
high- and low-pass filters, respectively, were 2.5 and 3.5 kH#letectable harmonic numbeK) was esUmate_d by dividing
in the low condition, and 5 and 7 kHz in the high condition. the average lowest detectable frequency in the passband

The filter weights for the high-pass filters were scaled sucl§.1'5|6 aE)ndts.ZfS kgz in the Ior\:v andthhigh tc;on(:itiorlljsl,_ respec-
that the double filtering operation gave a 0-dB maximum 'Vf y) t'y eﬂ%. _Ilgure 13 s OV\SS. e,es_lmtr;t] etli) s a(sj
amplitude response. The duration of the stimulus in each triaﬁ:i unction ofN. The corresponding,’s in the low- an

of the experiment was 500 ms, including 30-ms Hanningu gh-spectrum conditions are shown along the top axis. Fig-
. re 1b) shows thef, DLs predicted by the autocorrelation
window onset and offset ramps.

Following the filtering operations, the stimulus in the model, which will be discussed in Sec. Ill. The main findings

. ) . ; . of this experiment aréi) fy DLs increase with increasing
interval with the higherf, was scaled in gmplltude to have (decreasind), independgnt of spectral regiofii) the rela-
equal rms power to that of the two other intervals. The COM3ive phase relationship between partials affectgdLs for
plexes were presented at an average Ievellper C‘?mF’O”eﬁ‘i‘gh, but not lowN, and (iii) there was a small but signifi-
(before filtering of 15 dB SL per componentadjusted indi- ot effect of spectral region dg DLs. Each of these effects
vidually based on tone-in-noise detection thresholtlsor- .11 be discussed in turn.

der to prevent the use of loudness cues, amplitude ra”donkrepeated-measures analysis of variafREIANOVA ) with
ization was applied by roving the amplitude of the complexip ee within-subject factoréspectral region, phase, amd)
in each interval by=5dB, uniformly distributed. On the \yas conducted in order to determine the influence of each
average, the following-15dB (re max frequency bands factor onf,, discrimination. Values op<0.05 were taken to
contained harmonics above threshold: 1.56-5.35 kHz anfe statistically significant. The RMANOVA was performed
3.28-9.37 kHz in the low and high spectral conditions, re-with logarithmically transformed data in an attempt to satisfy
spectively. the equal-variance assumption, and the Greenhouse—Geisser
The resulting signals were then added to the UMN (Geisser and Greeenhouse, 1p88rrection for sphericity
noise. Because of the rms normalization step, the averaggas included wherever necessary, with corrected values for
presentation leveder harmoniovas somewhat higher for the degrees of freedom reported. However, neither manipulation
interval with (fo paset fo) then for the intervals with g pase affected the statistical significance of any main effect or in-
However, this difference was quite small relative to the 10teraction. Data from the subject who completed only two
dB random amplitude variation, reaching only about 0.6 dBruns in the random-phase conditions were excluded from the
for the largest measurefly DL of 15%. Complexes were RMANOVA. While the sixfy’s tested in the high-spectrum
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TABLE I. Results of the RMANOVA for thef, DL experiment. Asterisks  study, suggesting that the lowest harmonic cue did not play a
indicate stausuca] significancg € 0.05). Degrees of freedom are adjusted role in the sine-phase conditions. With the elimination of the
based on the Geisser—Greenhouse correction. - )

confounding “lowest harmonic” cue that affected random-

Effect F df p phase but not sine-phasg DLs, the effects of phase oiy
Main N 161 (2.12, 6.37 <0.000% discrimination are found to be significant, in line with Hout-
effects Phase 4180 (1, 3 <0.000% sma and SmurzynskiLl990. The largef, DLs would make
Spectral region 129 4.3 0.037 music perception based on unresolved complexes difficult,
Two-way  N*spectral region 0.827(1.45,4.35  0.827 since musical semitones are only 6% apart in frequency.
interactions N*phase _ 251 (237,71} <0.000% While there was a significant main effect of spectral
Phasé&spectral region 0.144 (1, 3 0.318

region,f, DLs for the saméN did not generally appear to be
Three-way N*phaséspectral region  0.226 (1.87, 559 0.15 different between the low- and high-spectrum conditions,
Interaction with one exception: performance was notably worse for the
high-spectrum stimulus in the random-phabks 10 case.
This difference was only observed for two of the five sub-
conditions were exactly double those tested in the lowdects, one of whom showed very large variability across runs,
spectrum condition, the low edge frequency in the high-and does not constitute a general trend in the data. Although
spectrum conditions was not exactly double that of the lowthere was neither a significant two-way interaction between
spectrum conditions. As a resultN's differed by  spectral region and eithét or phase, nor a significant three-
approximately 5% in the two spectral conditions. Nevertheay interaction, the main effect of spectral region disap-
less, for the purpose of performing the RMANOVA, we as- pegred when theN~10 data were excluded from the
sumed that theé\’s were identical. For example a 100 Hz RMANOVA analysis[F(1,3)=4.8, p=0.12]. This implies

Iow-spect_rum stimulus was assumec_j to have the Sﬁ_m?a that phase locking to the stimulus fine structure did not play
200 Hz high-spectrum stimulus. This small 5% shift in thea significant role overall irfy discrimination for the stimuli
value of N was unlikely to affect the RMANOVA results. gnitical . 0

used in this experiment.

The results of this analysis are shown in Table I. he lack of i off ; | , ionifi
There is clear transition from large to smijlDLs asf The lack of a main effect of spectral region or a signifi-

increases N decreasesin both the low- and high-spectrum cant interaction betweeN and spectral region conflicts with
conditions. The dependence ff DLs on N is supported by the results of Hoekstrél979, who also measurefi) DLs as

a significant main effect dfl. The transition to smalfi, DLs & function off, for bandpass-filtered harmonic complexes in
occurs as the approximately tenth harmajiiee highest re- various spectral regions. Comparing similar spectral regions
solved harmonic as estimated by Bernstein and Oxenharo those used in the current experiment, Hoekstra found that
(2003] begins to appear at the low end of the passbandf, DLs were larger at higher spectral regions for complexes
consistent with previous resulsloutsma and Smurzynski, with smallN, but not largeN, suggesting that phase-locking
1990. When plotted as a function &, the low- and high- {5 the stimulus fine-structure is more important for low-
spectrum data overlap, indicating thigt DLs in these con- gy resolved harmonics. The discrepancy between the re-
ditions depe_nd ma|.nly on har_momc nhumber and nof gor sults of Hoekstrg1979 and the current study may be related
spectral region. This conclusion is supported by the fact th to the bandwidths of the spectral regions used in the two

there was no significant interaction between spectral region. . . .
andN 9 P 9 studies. Hoekstra’s 1/3-octave filters yielded only one au-

Phase effects are apparent in these results, but only f&iPle partial for those stimuli with a low enougi to yield
those complexes witiN>10, where random-phasg DLs  Small fo DLs, while the approximately one-octave filters
are |arger than Sine_pha$6 DLs, consistent with previous used in the current StUdy produced multiple audible partials
findings(Houtsma and Smurzynski, 1990; Bernstein and Oxfor all stimuli. The different results obtained in the two stud-
enham, 2008 The significant main effect of phase and aies suggest that phase-locking to the stimulus fine structure
significant interaction between phase aNdis consistent may be more important for pure-tone frequency discrimina-
with the observation that phase effects are only observed fajon than for complex-toné, discrimination. Alternatively, it
stimuli with high N. For low fy's (N>10), the random- may pe that temporal fine-structure information is important
phase relationship of the harmonics giigsDLs of 11%~— o complex-tonef,, discrimination, but that a large effect of

13%, which are much poorer than had been_ previou5|y meas'pectral region was not observed in the present study because
sured for random-phase complexes containing only high-

order harmonic$Bernstein and Oxenham, 2003 his result ?f the_:;eq;edné:ybrar(;ges c?ﬁsen fz)rﬁt?e two s!oectral CO?]d"
indicates that the previous estimates ff DLs in the °oNs: '€ < andpass-iter cutott irequencies were cho-

6%—8% range for high-order, random-phase complexeSEN suph that phase-locking ShOl.J|.d have .been greatly re-
likely reflected the influence of the “lowest harmonic duced in the high-spectrum condition relative to the low-

present” cue(see Bernstein and Oxenham, 200Bhe rela- ~ SPectrum condition. However, the filter slopes yielded an

tively small f, DLs (~4%—-6%) measured for the sine- audible frequency range in the high-spectrum condition that
phase, high-order complexes were approximately the samgxtended down to 3.28 kHz, where phase-locking to the
as those measured in the Bernstein and Oxenf2003 stimulus fine structure might still have been available.
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IIl. SIMULATIONS WITH THE AUTOCORRELATION method was that used by Meddis and O’Ma(ti997),
MODEL whereby discriminability was estimated by the Euclidean
A. Introduction distance D) between autocor_r.ellation f_u_nctionACFs) gal—
) , culated from the ANF probabilities of firing as a function of
Meddis and O’'Mard(1997) showed that the autocorre- time p(t). The second method was an optimal detector

lation model successfully accounted for the results of Houtygdel based on stochastic firing of the ANFs. These methods
DLs increased as the order of the harmonics increased. Car-

lyon (1998 suggested that the model’s successful prediction _ _
was due not to its dependence on harmonic number and ha#- Euclidean distance measure

monic resolvability, but to the reduction of phase-locking Meddis and O’Mard's(1997) procedure for estimating
with increasing absolute frequency. Because Houtsma angiscrimination thresholds was also used here. The main dif-
Smurzynski(1990 tested only one stimuluf, of 200 Hz, it ference was that whereas Meddis and O'Mard based all of
was not clear from their results vv_hether the increaségin _their computations op(t,k), the probability of firing p) as

DLs was due to effects of harmonic number and resolvabily fynction of time {) for each ANF channel indexk}, the

ity, or to effects of spectral region. Consistent with earliercyrent simulations were based on stochastic ANF responses.
studies(Shackleton and Carlyon, 1994; Kaembach and Berrhjs allowed for the possible influence of ANF refractoriness
ing, 2001; Bernstein and Oxenham, 2Q0B1e present €x-  on the results. The inner hair cell/auditory nerve complex
periment, which measuref DLs in two different spectral a5 set to “spike” modeSumneret al, 2002, yielding sto-
regions, der_nonstrated tha)t.dlscrlmlnatlon performance de—. chastic boolean responssé, k), whereby a one or a zero
pended mainly on harmonic number, and not spectral regiofepresented the presence or absence of a spike at each point
or fo. These data provide a basis for testing the Meddis an¢ {ime. Each stimulus was resynthesized and presented to
O’Mard (1997 autocorrelation model to determine its ability tne modeln=15 times(althoughn was increased to 60 and

to predict the dependence &f discrimination on harmonic 109 for the simulations to be described in Secs. IVB and

number. IV E, respectively and p(t,k) was estimated by averaging
across then outputss(t,k) obtained for eaclk.
B. Model description The autocorrelation functiofACF) of p(t,k) was then

calculated in each fiber according to the formulation of Med-

The stimuli from our psychophysical experiment were
Mt ur PSychopnysi xper! W dis and O’'Mard:

passed through the Meddis and O’Mdd®97 autocorrela-
tion model to determine its ability to account for the psycho- 1>
physicalf,, discrimination results. This model consists of an  h(to,l,k)==>, p(to—T,k)p(te—T—1,k)e"""dt (1)
outer/middle ear bandpass filter, a basilar membrane gamma- Tist
tone filterbank(Pattersoret al, 1992, inner hair cell half- whereh(t,l,k) is the channel’s ACR, is the point in time at
wave rectification and low-pass filtering, and the translationwhich the autocorrelation was measureds the autocorre-
of the inner hair cell membrane potential into a probability oflation lag, 7 is the autocorrelation time constartt is the
firing versus time in the auditory nerve fiber. The model usedsampling interval, 25us, andT=idt. Because of the expo-
to generate ANF firing information in these simulations wasnential window used in the ACF formulation, the autocorre-
identical to that used by Meddis and O’Ma(t997), except lation will tend to fluctuate with time. In these simulatiohg,
for the following two changes. First, 40 channels, consistingvas chosen to be an integer number of periods of each stimu-
of only those CFs falling within the stimulus passbandlus, just before the beginning of the offset ramp. This is in
(1.5-5 kHz and 3-10 kHz for the low- and high-spectrumcontrast to the Meddis and O’Mard study, where a “snap-
conditions, respectivejywere used, with CFs spaced accord- shot” of the SACF was taken at the end of the stimulus. The
ing to the Greenwood1961) human scale. CFs falling out- only other difference in the autocorrelation calculation in this
side these ranges, where the harmonic complex stimubtudy as compared to Meddis and O’Mditb97) was that
would not be detectable in the psychophysical experimenthere 7 was selected to be 25 ms, whereas Meddis and
were not included. Second, the inner hair-cell and auditoryD’Mard used a shorter of 10 ms. Ther used in the current
nerve models were replaced by a newer mo@lmner study, being longer than the period corresponding to the
et al,, 2002 that allowed for stochastic spike generation. All minimum f, tested, 50 Hz, tended to smooth out the SACF
ANFs were modeled as high spontaneous-rate fibers. Theariation across time. A summary autocorrelation function,
bandwidths of the model's gammatone filters were derivedSACF(fy,1), was computed by summing the individual
from the equivalent rectangular bandwidth (EBormula  channel ACFs. The range of lags was fixed throughout the
described by Glasberg and Moq990, just as in the Med- modeling from zero to a maximum lady,(,,) of 25 ms. This
dis and O’Mard study. Because the only physiologically de-value ofl ,,,, corresponds to a minimum frequency of 40 Hz,
rived cochlear mechanical filtering data available for humansvhich is below the minimunf, of 50 Hz used in our psy-
(Sheraet al,, 2002 are only appropriate for very low-level chophysical experiment.
stimuli, the psychophysical bandwidths derived by Glasberg  For each combination df,, spectral region, and phase,
and Moore(1990 form a reasonable substitute. ACFs and SACFs were calculated for stimuli witg in-
Two different methods for converting from ANF firing creased by small perturbation&f,, with 30 values ofé
to a psychophysicaf, DL estimate were tested. The first =Af,/f, logarithmically spaced across the range 0:8@1
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<0.3. Following Meddis and O'Mard1997, the squared The decision variable was assumed to be a vector
Euclidean distance between the SACFs of the unperturbed SACF(fy5,fog) containing the SACF differences
stimulus (6=0) and each of the perturbed stimuli was then(ASACP yielded at each lag by two stimuli with different

calculated: fo's (foa andfog):
Imax/dt ASACHK fga,fog,l)=SACHKfga,l) —SACKfgg,l1).
D?(fg.8)= >, [SACH(1+8)fy,idt) 3
i=0
| In this model, the optimal detection strategy—the weighting
—SACFfo,idt)]2. (2)  of the information obtained at different lags—uwill vary de-

pending on thé, andAf,. As in theD? model, each stimu-

us was presented=15 times for the each combination of

o, frequency region, phase, awdEachs(t,k) was substi-
tuted for p(t,k) in Eq. (1) to yield stochastic individual
€Sthannel ACFs, which were then summed across channels to
yield n stochastic SACFs.

The performanced’) achieved by an optimal detector

for discriminating stimuli on the basis éf, was estimated to

The procedure to convert from th¥ statistic to an estimate
of the fo DL was to choose a criterion based on a threshol
D2 (DS), which served as a free parameter in fitting the
model predictions to the psychophysical data. The low
value of & producing aD? that exceedeﬂ)g was taken to be
the estimated, DL. (In practice, to reduce erroneous results
due to noise in the dat®? was judged to exceelﬂg only if

it did so for two consecutive values @) BecauseD3 was
allowed to vary as a free parameter, thé measure was
unable to predict an absolufg DL that could be directly (d")*>=Am'G™*Am, (4)

compared with experimental data. Rather, this StatiStiQ/vhereAmwas the mean of thA SACES across the stimu-
yielded a measure of the relative discriminability betweery,,q trials, andG is the covariance matrix, calculated from the

stimulus pairs, providing a way to compare trends in the .
SACF and trends in measurdd DLs across different con- h ASACFs(Van Tress, 2001 In practice, both the mean and

ditions variance of ASACF were nearly zero for a subset of lags,

' such thatG was often nearly singular and not easily invert-
ible. To resolve this problem, a very small amount of inde-
pendent noise (varianeel0 8) was added to each lag by
2. Optimal detector model augmenting the variances along the diagonaGof

Because the’ estimates obtained from E@) will vary
depending on the number of nerve fibers and the number of
lag points used in the simulation, no attempt was made to
predict the experimentadl’ value of 1.26(2-up, 1-down,
X’BAFC, Hacker and Ratcliff, 197%sing the model simula-

tions. The extremely largd’ estimates reported in the fol-
Igowing are a result of the large number of individual obser-

) - vations off-related activity available across the lag range,
amplitude, and therefore model predictions based orDthe and are not reliable estimates of absolute performance. In-

. . . . 2
stat!st!c..5|mllarly, _Carlyor(1998 d(_emo_nstrated tha‘.[ thie %tead, a similar procedure to tHe? method was used,
statistic is susceptible to changes in stimulus amplitude, suc

as those introduced by level roving in the current study. Al_whereby a.j, cr|ter|on (do) was cho;en n orQer to predict an
though calculating th®? between SACF functions averaéed fo dlscr.|m|nat|on threshol_d_, allowing relative performance
across many stimulus trials would reduce the influence OFompansons across conditions.
level roving on the model predictions, such a strategy Wouldc Stimull
be likely to fail on a trial-by-trial basis due to its sensitivity
to SACF amplitude fluctuations. An optimal detector model, The stimuli were produced in the same manner as those
with the ability to incorporate the variance associated within our experiment, including level roving and phase random-
level roving into the decision statistic, was tested as a posization applied independently to each of thestimulus pre-
sible alternative. sentations. There were three main differences between the
The operation of the optimal detector was based on sigstimuli used in the experiment and those used in the model-
nal detection theoryGreen and Swets, 1966Up to four  ing simulations. First, the stimuli used in the modeling were
different sources of noise were present in the modglthe  reduced in duration to 200 ms in order to reduce computa-
stochastic firing of the ANF(2) stimulus level roving;(3) tional load. The shorter duration should have no effect on the
the background noise; artd) phase randomization. Only the model predictions, since the autocorrelations were calculated
first two noise sources were always present in the simulaenly near the end of each stimulus, with a relatively short
tions. For the initial simulations, background noise was notr=25 ms and at,,,, of 25 ms. Furthermore, decreasing the
used, while phase randomization was only present in thetimulus duration has little effect ofyy DLs until durations
random-phase conditions. These noise sources producéall below about 100 m¢Plack and Carlyon, 1995Thus, it
SACF variation at each lag, allowing the performance of arcan be assumed that these 200-ms stimuli would yield simi-
optimal detector to be computed based on the statisticdar results to the 500 ms stimuli used in our psychophysical
properties of the SACF variation. experiment.

The D? measure is a potentially flawed decision vari-
able. Becaus®? is simply the distance between two SACF
functions, it is likely to be sensitive to changes in stimulus
dimensions that are unrelated to the stimulus pitch. For e
ample, whereas psychophysicé) discrimination perfor-
mance is fairly robust to changes in stimulus bandwidt
Pressnitzeet al. showed that such changes affect the SAC
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Second, no background noise was used in the initial Sine phase Random phase

model simulations. The main reasons for using a background

o : : e 4568 A
noise in the psychophysical experimditd mask distortion 40481 i
products and to promote the fusion of individual components _ 3585 ]
into a single objegtare not issues for the autocorrelation N 3173 5_*--—
model with linear gammatone filters. However, because the < 2807+ 1: 3
presence of a background noise may still affect the ANF ‘(J-) 3‘1‘3} N =
response to the complex tone stimuli, the possible influence ~ “jg24 A
of a background noise on the simulation results is examined {1704k A
in Sec. IIE. 15004k ded . ;

Third, the method of setting the signal levels differed  SACF| Lo

from the psychophysical experiment. Because the model
contained only high spontaneous-rate ANFs, the dynamic 45680 o
range available to human listeners was not available to the 4048k — % b |
model. Stimulus levels similar to those actually used in the .. 3585 bl
experiment tended to saturate the ANF outputs. To determine £ 3173 ot ‘ -
a reasonable operating level for the modeling simulations, it 5%2@ et " R
was assumed that for a given stimulus level, an optimal de- lé‘; 2191 R I
tector would choose to use those ANFs that yield the best 1934 x n o
possible performance, and discard those ANFs that yield — 1704 psdtommsibowmly ’
little information, as in the “selective listening hypothesis” 1500 tmmthasottion it
(Delgutte, 1982, 1987; Lait al, 1994. In these simulations, SACF|__ , o 11
rather than adjusting the model ANF spontaneous rates and
thresholds to find those that yielded the optimal performance 4568 ] o
for a given stimulus level, the ANF parameters were Kept 404 b smmssu oo
fixed and the stimulus level was adjusted. Pilot tests indi- .. 3585 puwsmmmsson o
cated that the best overall performarizeterms of bothD? T 3173 e * »
andd’) occurred when the firing rate ) of an ANF with CF 5%?133 . ' S
at the center of the stimulus passband was at approximately% 2191 . T
the 90% point of the operating range, that is, whesr g, 1934 jow st N
+0.90( max—Tsp)» Whererg, and r,, are the spontaneous 1704 s : bk
and maximum ANF firing rates, respectively. Therefore, in 1500 e o
the simulations all stimulus levels were set such that a pure SACFl__ . . . . ]| ]
tone at the level and frequency of a harmonic component at 0 001 002 O 001 0.02

the center of the stimulus passband yielded at 90% of Lag (s) Lag (s)

the operating range of an ANF with CF at the tone frequenCYFIG. 2. Sample ACFstop ten plots in each panefor a subset of model
Athough the absolute model performance was best at thianFs with CFs as indicated along the vertical axis, for low-spectrum
stimulus level, the relative performance of the model acrosstimuli with three selectedy’s under both phase conditions. The corre-
the various conditions was generally unaffected by the stimusPonding SACFs are shown in the bottom plot of each panel.

lus level, provided the stimuli were above rate threshold.

weights each lag equally. The similar results seen for the two
D. Model results methods suggests that the weighting was of little
The two main findings of the simulations are tiiitthe ~ consequence—lags falling between SACF peaks added little
D? andd’ formulations of the model yield virtually identical t0 the sum of squared differences between SACFs, regardless
predictions, and?2) neither formulation was successful in Of the weighting strategy. The finding implies that thé
accounting for the psychophysical results, especially for théneasure was in fact sensitive fg-related activity in the

sine-phase conditions. SACFs, and that weighting the lags equally yields results
, ) ) similar to those yielded by an optimal strategy.
1. Comparison of the D ~ and d' measures It is important to note that in these simulations, the Eu-

The Euclidean distance and optimal detector procedureslidean distance procedure was not challenged with level
produced virtually identical results. Because both proceduresoving, which was essentially eliminated by averaging
yield the same results, only the optimal detector model will[SACFs across stimulus trials. On a trial-by-trial basis, the
be shown and discussed for the remainder of the paper. Thaimple Euclidean distance measure might be more sensitive
these two procedures yielded similar results is perhaps nab the level roving than to the changesfig, prohibiting it
surprising, since both measures involve taking the sum of thfom detecting changes if,. In contrast, the optimal detec-
squares of the differences between SACF functions. Théor formulation took into account the variance due to level
main difference between the two methods is that tie roving. The similarity of the two sets of results suggests that
method weights these differences based on the variances thie optimal detector model was able to ignore level roving
different lags across stimulus trials, whereas Erfestatistic  effects in discriminating, .
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Low spectrum High spectrum nents would most likely be stronger for stimuli with energy
below 1.5 kHz, the frequency at which phase locking begins
to roll off in the guinea pig-based model used here.
For random-phase stimylclosed symbols in Fig.(b)],
fo DLs predicted by the model tended to decrease with in-
creasingf,, consistent with the general trend seen in the
psychophysical results. Diamonds indicate ttatfailed to
oo = IR exceedd| for the largest tested value 6f=0.3. The heights
of the SACF peaks did not appear to change substantially
with f, (Fig. 2, right columm, suggesting that the decrease in
fo DLs is most likely a result of the additional SACF peaks
present for stimuli with largefy’s. This correct behavior for
the random-phase conditions is a result of a very large phase
‘1)0-3 10" 107 effect that is present mainly for lovy's, where the pre-
d=af/t, d=a/f dicted f, DLs for the samef, are drastically different be-
FIG. 3. Plots of the estimatedl as a function of, the fractional change in tween the tV\.Io phase Condlt.lonS' The presence of such a
fo, as predicted by an optimal detector model. l’:0r sine-phase stimuli, slope_Bha‘Se eﬁeCt_m the mOdéalb?It much larger th,an that seen
decrease with increasinty, while for random-phase stimuli, slopes in- IN the data is consistent with previous studies that have
crease with increasinfy,. Horizontal dotted lines indicate the arbitraty ~ found phase effects in the AC for harmonic complexes con-
=190 used to predict, discrimination thresholds plotted in Fig(td. The  taining high-order harmonics, but not for those containing
plots rarely cross, indicating that the predictedDL vs f, trend is inde-  |q\v_order harmonics(Pattersonet al, 1995; Meddis and
pendent of the chosen value df O’Mard, 1997; Carlyon and Shamma, 200Since the auto-
correlation operation discards relative timing information
across channels, but remains sensitive to timing information
2. Optimal detector predictions within each channel, we expect the relative phase of harmon-
ics to affect the resulting SACFs only in cases where the
harmonics are unresolved by the cochlear filters, i.e., for the

1000]--- 75

sseyd suig

aseyd wopuey

Figure 2 shows SACFs and individual channel ACFs for
low-spectrum complexes with three differefg’s. Sine- X
phase stimulus responses are shown in the left column. F¢PWestfo's presented. ,
the lowestf, of 50 Hz, harmonics are all unresolved and _ OF Similar harmonic numbers present in the passband,
interact within each model filter, such that the ACFs in eact"® AC model predicts largefi, DLs in the high-spectrum
channel are phase-locked to the stimulus envelope. For tHPnditionsltriangles in Fig. 1tb)] than in the low-spectrum
middle f, 150 Hz, harmonics begin to be resolved for thecondltlons(mverted triangles suggesting an effect of spec-

lowest CFs, and ACFs in these channels become phaselid! region in the model that was not seen in the psychophysi-

locked to individual sinusoids rather than stimulus enve-caI data. This is consistent with Carlyori5998 conclusion

lopes. At 300 Hz, harmonic resolvability extends further, up_that' in .c_ontrast to the psyghophysical results, the AC model
to about 2.4 kHz. Amplitudes of SACF peaks are largest foiS Sensitive to spectral region effects, as a result of the de-
the 50 Hz case where tHg appears to be coded mainly by cline in phase-locking with increasing absolute frequency.
the envelope, and diminish with increasifig, as resolved
harmonics appear. A similar effect was observed in the high- )
spectrum conditions, where the SACF peaks were eve”:r' Effects of added noise
smaller(not shown. The simulations described above were performed with-
The observed decrease in SACF peak amplitude witlout the presence of background noise. To test the possibility
increasingf for sine-phase stimuli is reflected in the mod- that background noise could affect the model simulation re-
el's fy DL predictions. Figure 3 shows the model's predictedsults, a subset of the simulations were repeated with back-
d’ as a function o, the fractional change ify. Figure 1b) ground noise present. In our psychophysical experiment, the
shows the minimum values af such thatd’>d;, where background noise level was held fixed and the stimulus level
dp=190 was arbitrarily selectethorizontal dashed line in set relative to the detection threshold for a pure tone in the
Fig. 3) to yield predictedf DLs in the general range of the noise. Repeating a similar strategy to determine an appropri-
psychophysical results. For the sine-phase stinfapen  ate noise level for the modeling simulations would require a
symbolg, predictedf, DLs generallyincreasewith increas- model for signal-in-noise detection based on ANF responses,
ing fy, opposite to the trend seen in the psychophysical datavhich is outside the scope of this paper. Instead, we chose to
This is the case in both spectral regions. Note that this trendxamine the influence of background noise over a range of
would occur independently of the chosely, since the levels. The nominal signal level was the same as that used in
d’(6) functions(Fig. 3 rarely cross. These results indicate our original simulations. The background noise levels were
that phase-locking to the envelope of unresolved harmonicshosen such that the signal-to-noise ra8®&R) ranged from
was stronger than phase-locking to individual resolved har—10 dB to+c (no nois¢ relative to the average SNR used
monics, yielding smaller predictef@ DLs for lower stimulus  in the experiment (SNR,). The background noise was
fo's. This result may depend on the relatively high stimulusturned on 100 ms before, and off 100 ms after, the harmonic
spectral regions tested. Phase-locking to resolved compatimulus.
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0 20190 (HZ;OO 0 20190 (HZ‘;OO 600 FIG. 5. Samplew,c¢'s [Eq. (6)] for a range of CFs, with parameters that

yielded the best fit to the experimental data as shown in Fig. 7.

f, DL (%)

FIG. 4. Effects of the introduction of background noise on model predic-
tions. Signal level was held constant while the noise level was adjusted;

SNR (dB) are described relative to the SNR used in the psychophysical, , - . .
experiment. For SNRs 5 dB or greater than that used in the experiment, thlféJI in accounting for the effect of harmonic number observed

background noise has little effect on model predictions. As in Fig. 1, closedn these psychophysical results of Sec. Il. Each of these pos-
diamonds plotted along the top axis indicate ttigitvas not reached for the ~ sible modifications is discussed in turn.

highesté tested of 0.3. L
A. SACF normalization

The height of the SACF peak normalized to the value at

Figure 4 shows the predictefd DLs at various SNRs 270 lag has been successful in predicting the pitch strength
(re SNR,,) for the sine-phase conditions. Low-spectrumOf iterated rippled noise(:‘Patter_sor_Et al, 1996; Yostet al,
and high-spectrum results are plotted in the left and rightt996; Pattersoet al, 2000. Cariani and Delgutt€1996a,b;
panels, respectively. The predictions are largely unaffectef€rformed an analysis similar to SACF normalization by us-
by the background noise until the SNR reaches the SR ing the peak-to-background ratio in the all-order interval his-
Interestingly, for a narrow window of SNRs near SNR togram as a neural estimate of the pitch salience. They were
the trend inf, DLs as a function of , actually switches, and @bl to successfully account for a wide range of psy-
f, DLs decrease with increasirig as in the experimental Chophysical pitch phenomena using this type of analysis.
data. One aspect of this behavior with respect to SNR i§lowever, when the optimal detector model was adjusted to
consistent with previous psychophysical data. Hoekstrd'clude SACF normalizatioriresults not shown there was
(1979 showed thaf, DLs generally increase with decreas- virtually no change from the results seen in Fig. 5. The rea-

ing SNR, and that this effect is most pronounced in a givers°n for this is that the optimal detector inherently normalizes
fixed freéquency region for lowfy's at low SNRs. In the the SACF function to the standard deviation at each lag. In

model simulations, the predicteég DLs increase more rap- essence, the.e>.<tra normalization step scales .the mean and
idly with decreasing SNR for lovf,'s than for highf,'s. standard deviation Of_ th? SACF equally, leavid§ unaf- .
However, Hoekstr&1979 also showed that the general trend fected.. SACE normallza.tlon.dld serve to reduce the noise
for f, DLs to improve with increasingy, for a fixed spectral @ssociated with level roving, increasing the ovedall How-
region was unaffected by SNR. In contrast, the model onlyeVer: th,IS effect was similar across all conQ|t|ons, such that
shows a trend foff, DLS to increase withf, for a narrow ~ Whendy was adjusted accordingly, normalized and unnor-
range of SNRs, and is therefore unsatisfactory as a predictéf@lized SACFs yielded virtually identic&) DL predictions.
of f, DL data.

Overall, this analysis shows that the model predictions
are relatively unaffected by the presence of backgroung. SACF weighting function
noise, provided the SNR is above a certain threshold. For the
remainder of the simulations described in the following, no
noise background was used.

An SACF weighting function that generally gives more
weight to short lags should yield a larger estimatEdfor
high-f, stimuli that contain SACF peaks at short lags. Thus,
such a weighting function may have the potential to account
for the better discrimination performance observed for high
IV. MODEL MODIFICATIONS fo's. For example, Pressnitzeit al. (2001 found that the

Meddis and O’Mard(1997 model, modified to include a

To account for a variety of psychophysical effects, vari-linear SACF weighting function, successfully predicted an
ous modifications to autocorrelation models of pitch havgncrease in the lowes, that could convey melody for higher
been suggested. These include SACF normalizafRatter-  spectral regions. In the optimal detector formulation, weight-
son et al, 1996; Yostet al, 1996; Pattersoret al, 2000,  ing the SACF would have no effect, since the weights would
SACF weighting functiongPressnitzeet al, 2001; Krumb-  aiter both the mean and standard deviations by the same
holz etal, 2003; Cedolin and Delgutte, 2005a lag- factor, thus not affecting’. Instead, independent noise with

dependent AC time constalitViegrebe, 2001 a nonlinear  yarianceo?(l) was added along the diagonal of the covari-
filterbank (LOpeZ'Poveda and Meddis, ZOOJ.and a CF- ance matrixG in Eq. (4)' according to

dependent ACF weighting functiofMoore, 1982. In the
model simulations described in the following five sections, 5 .
the CF-dependent weighting function was the most success- ow(l)=wW()™%, ®)
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to low fy's for stimuli bandpass filtered in fixed spectral
regions. Therefore, to successfully predict the impro¥gd
discrimination for higherfy’'s seen in the human perfor-
tion, w=1— (I/],,)¢ with « ranging from 1/64 to 1Krum- mance, the AC model must be modified in such a way as to

bholz et al, 2003, and an exponential functiony=exp impair performance for on\fo’s \./vitlhin a'gi.ven spectral re-
(—I/\) with \ ranging from 0.3 to 3@Cedolin and Delgutte, gion. One way to accomplish this is to limit the range of lags

2005. For eachw, the model was tested both with and with- fOF Which the autocorrelation is calculated in each frequency

out SACF normalization. The most promising results WereChannel in a CF-dependent maniiiioore, 1982. With this

produced by the combination of an exponentigll) with lag-window limitation, the AC will respond best fig’s that
3<\<4ms, and SACF normalization. For low-spectrum have certain harmonic numbers falling within each channel’'s
stimuli, this modified model yielded, DLs that decreased Pandwidth. Schouten1970 first proposed the idea that
with increasingf, for low-spectrum stimuli, consistent with  €a¢h pitch extractor has a limited range of measurable time
the experimental datéresults not shown However, this intervals” in order to account for Ritsma(d967 demonstra-

combination of modifications was unable to account for theion Of the dominance of low-order harmonics in complex

high-spectrum data, and was therefore unsatisfactory. NorRd{ch perception. Moorg1982 further quantified the lag
of the other functions produced desirable results. window, suggesting that a mechanism based on first-order
interspike intervals operates over a range of lags between

about 0.5/CF and 15/CF. Thus the AC in a particular channel

will respond tof y’s that are 1/15 to 2 times the channel’'s CF.
Another lag-dependent AC modification was suggestedn other words, the AC will respond to a givég only if at

by Wiegrebe(2001), whereby the AC time constahtin Eq.  least one of the’s first to fifteenth harmonics fall near the

(1)] increases with increasing lag. Like the SACF weightingCF. Ghitza(1986 implemented a similar idea, whereby the

function of Pressnitzest al. (2001, a lag-dependentwould interspike interval analysis window length was roughly in-

affect the SACF differently for different stimulug’s, and  versely proportional to each channel’'s CF.

could therefore influence the modelfy DL predictions. After experimenting with various possibilities, we found

However, this modification would most likely not account that a piecewise-linear weighting function was able to ac-

for the results of the experiment described in Sec. I, becauseount for the psychophysical data with some success. The

the longer time constant associated with leyis would tend ~ CF-dependent weighting function consisted of four seg-

to increase the amplitudes of peaks in the SACF, yieldingnents:

smallerfy DLs than for highfy's. Thus, Wiegrebe’'$2001)

where w(l) is the analogous SACF weighting function.
Three different versions ofv(l) were tested: a linear func-
tion, w=1—1/l .« (Pressnitzeet al, 2001, a power func-

C. A lag-dependent time constant

modification would be likely to skew the model predictions Wacr(l,.CF)=
even more heavily in favor of lovy's. ( 05
0, l<—
CF
D. A nonlinear filterbank CE2 05 Ne
The described above model simulations used a bank of CFo’ §<|<ﬁ
linear gammatone filter@attersoret al, 1992 to represent { ) (6)
the basilar membrane. A more accurate nonlinear filter model CF _ m( | — &) Nc <(N0+ Ny)
that includes the compressive input—output function ob- CFg CF)’" CF CF
served at the level of the basilar membrafhode, 1971; A (Ne+N,)
Ruggeroet al, 1997 has been shown to be important for a A— |—|, BT,
number of psychophysical phenomefeg. Oxenham and \ 0

Bacon, 2008 and might better account for tifg DL data.  wherel is the lag, Clg=1500 Hz, the lowest CF used in the
The inclusion of a basilar membrane nonlinearig.g., simulations,N¢ is the cutoff between the second and third
Lopez-Poveda and Meddis, 200Imight compress the segments relative to CN, is the width of the third segment
“peaky” sine-phase waveform more than the “flat” random- relative to CFA is the amplitude of the fourth segment at
phase waveform yielded by interacting unresolved harmont=0, |, is the lag for which the fourth segment reaches zero,
ics (Carlyon and Datta, 1997 possibly reducing the size of andm, the slope of the third segment, is defined as

the phase effect predicted by the AC model. However, simu-

lations using the dual-resonance nonling®RNL) filter- CP— é NetNa
bank (Lopez-Poveda and Meddis, 200yielded unsatisfac- e lo\ CF 0
tory results (not shown, similar to those seen with the N, /CF ‘

gammatone model. Thus, although the compression offered , o i
by this model is similar to that observed physiologically, it | "€ fourth segment, independent of CF, is identical to the

was not substantial enough to account for these data. linear SACF weighting function of Pressnitzerral. (2001).
The zero-crossing of this segmerp) was set to 33 ms as

suggested by Pressnitzstral., consistent with a 30 Hz lower

limit of melodic pitch. Finally, in some conditions, the esti-
Section Il showed that for sine-phase stimuli, the Med-matedd’ reflected activity at low lags completely unrelated

dis and O’'Mard(1997 AC model responded preferentially to the stimulusf,. To prevent this phenomenow,cr for

E. A CF-dependent “lag window”
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each CF was set to zero for all values I6£0.875 ms.
Samplew,c functions for various CF are shown in Fig. 5.
(The linear segments of the functions appear curved because
they are plotted on a logarithmic scal&he lag window was
applied to the ACF for each simulated ANF, and these win-
dowed ACFs were summed to create the SACF just as be-
fore.

The CF-dependent windowing procedure described here
was notably different from the SACF weighting described in
Sec. IV B. There, the addition of independent noise was used
as a substitute for a SACF-weighting function, which would
have scaled the mean and standard deviation equally, yield-
ing no net effect ond’. Here, the weighting functions
(wacp) were applied to the individual ACFs before summing 10° g:Af i 10
them to produce the SACF. Thus, the statistical properties of e
the SACF at each lag tended to reflect the statistical propegic. 6. Model estimates af’ vs S using the lag windows described in Eq.

ties of the ACFs for channels that were most heavily(6) and pictured in Fig. 5, with parametelg=10.8, N, =2, andA=200
weighted at that lag. that best fit the sine-phase data. Stimulys are clearly divided into two

. ) .. . _ groups, with lowerfy’s yielding graduad’ slopes, and highefy's yielding
Estimates ofd’ were generally noisier than in the un steeperd’ slopes.

modified model because the lag window tended to reduce the

total number of ANF spikes that were used in the calculation.

Therefore, two minor modifications were made. First, thedictions for the two spectral regions overlap when plotted as
number of stimulus repetitions was increased to 100. Sec- @ function ofN, such thatf, DL are mainly dependent on
ond,d’ was determined to exceed threshold only if it did notharmonic number. The separation of stimuli into two groups
fall below d; again for a higher value of. This ensured that Pased orN is clearly seen in Fig. 6: those stimuli with low
the threshold was not exceeded due to random fluctuations irp’'S: such thalN>12, have shallovd’ vs & slopes, yielding

sseyd suig

@seyd wopuey

thed’ estimates. large f, DLs, while those with highfy’s, such thatN<12,
The modified AC model was fit to the sine-phase experiNave steeper slopes, yielding smijlDLs. Third, phase ef-
mental data of Sec. Il with four free parameteNg( N,,  f€cts are only present for complexes with lafgeFor small

A, anddy). The two most important aspects of the experi-N, Sine- and random-phase stimuli yield simifgr DL pre-
mental data were the dependencef@DLs on N, and the dictions.

lack of an effect of spectral region dig DLs. Therefore, the The one major failure of the modified model is that it
fitting procedure minimized the sum of two error measuresOverpredicted the phase effect for Idy's. The variability

the root-mean-squared difference between the logarithms df the envelopes associated with Idy: unresolved,
predicted and actudl, DLs, and the root-mean-squared dif- random-phase complexes was so large relative to the mean

ference between the logarithms of the predictgdLs for

stimuli with equivalentN’s in the low- and high-spectrum Experiment Model
conditions. The strong model nonlinearities and limited f (He) f, (H2)
range of § values tested prohibited the successful use of an nigh spec: 100 150 200 300 600 100 150 200 300 600

low spec: 50 75 100 150 300 52 768 100 150 300

automated fitting procedure, such as the Nelder—Mead sim
plex method used byATLAB 's fminsearch function. Instead,

a parameter-space search method was used, where coarg 10
step-sizes allowed for a reduction in computation time. Thus,
we caution that a somewhat different set of parameters maye 1
yield a better fit than those reported here.

Figure 6 showdl’ as a function ofs for the modified
model with parameters that yielded the best fit to the sine- 40 30 20 10 40 30 20 10 0

phase experimental datdz=10.8,N,=2 andA=200. The Lowest harmonic number Lowest harmonic number
samplew g functions dgpicted in Fig. 5 reﬂect these param- R —
eter values. The best-fitting}) of 7.91x 10* is depicted as a A A high spectium _— model

horizontal dashed line in each panel of Fig. 6. Figufe) 7

shows the modified mOdeIE.) I.DL predlctlons as a function comparison with the model prediction®) Model f, DL predictions based

of N, t_’ased on these best-fitting parameters. ﬂ—fr'e corre- ond’ estimates shown in Fig. 6 using the lag windfy. (6)], plotted as a
sponding to theN’s are shown along the top axis. The psy- function ofN. As in Fig. 1,f,’s corresponding to values of for the low-
chophysical results from Fig.(d) are replotted in Fig. (&) and high-spectrum conditions are plotted above each panel, and closed dia-
for direct Comparison with the model predictions. The modi-monds plotted along the top horizontal axis indicate thatvas not reached

fied model yielded a reasonable fit to both sets of data, angt the maximum tested value @F=0.3. Both experimental and mod&j
Ls generally overlap for stimuli with the sandg indicating the modified

captured three ma}in Teatures of the data. FirgtDLs gen-  mogel successfully accounts for effectsfon f, discrimination perfor-
erally decrease with increasirfg. Second, the model pre- mance.

FIG. 7. (a) Psychophysicaf, DLs from Fig. 1a) are replotted for direct
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- ' ' ' 0Hz ] 1994; Kaernbach and Bering, 200show that discrimination
] performance deteriorates with increasing lowest harmonic
L \\ A number within a given passband, the Meddis and O’Mard
2 i 100Hz | model predicts just the opposite for the stimuli used here.
2 A \\1\; ] This result is consistent with the results of Cedolin and Del-
3 P e gutte(2005, who estimated pitch salience based on all-order
=7 200 Hz | interval analysis of cat ANF spikes. They found that pitch
salience estimated in this way was maximal for the lowest
. . . fo's tested, where individual harmonics are not well resolved

0 0005 001 0015 002 0025 by the cat's auditory periphery.
Lag (sec) We have showrn(Sec. I\) that this failure of the AC

FIG. 8. Mean SACFs produced with the lag-window modificafiiy. (6): model is not .fatal to t.he idea that a single mechanllsm bgsed
Fig. 5] for sine-phase stimuli with variouy's. For higherfy's (e.g., 200 0N temporal information can account for the perqewed .pltCh
Hz), the large SACF peak dt=5ms contains large fine-structure side based on both resolved and unresolved harmonics. With the
peaks, causing the nonmonotonic behaviordbfobserved in Fig. 6. For  jntroduction of a CF-dependent |ag window similar to that
lower fy's (50 and 100 Hg, the SA_CF side _pea_ks are small relative to the described by Moore{1982), the model was able to predict
central SACF peak; nonmonotoné behavior is not observed for these L, . .
stimuli. the dependence dfy discrimination on harmonic number.
This was achieved because the modification reverses the
original model's “preference” for high-order harmonics by
0qpplying a weighting function that amplifies the AC response
lo low-order harmonics, and attenuates the response to high-

envelope thatl’ was not affected by increasing) Thus, the

model failed to reach threshold at the highest tested value
6=0.3, and was unable to predict discrimination threshold .
for these complexes. This problem was also observed for thgrder harmonics. . -

original, unmodified model. The inclusion of a compressive The success of the modified AC model where the origl-
nonlinearity in the model might help to reduce the magnitud@al model has failed supportg the |dea.that tgmporal informa-
of this phase effect by compressing “peaky” sine-phase ention alone is not enough tq yield a salient pitch percept, and
velope more than “flat” random-phase envelopes. However}hat the temporal information must be presented at the cor-

because substituting DRNL filtettopez-Poveda and Med- '€Ct Place on the cochlear partition in order to yield gégd
dis, 2002 for gammatone filters did not greatly affect the discrimination performanceOxenhamet al, 2004. The lag

predictions of the unmodified modéSec. IV D), it is also yvindow modification effe_ctiv_ely codes “place” inform_atio_n
unlikely to greatly influence the predictions of the modified Nt the AC model by weighting each channel’s contribution
model. based on its relationship to the stimuliygs For a given CF,

Nonmonotonicities were observeddr estimates at the & range of lags between 0.5/CF ahg/CF are weighted
three highesf,'s tested in each condition. For values & Most heavily. The ACF will respond most readily to a certain
near 0.1,d’ estimates suddenly decreased then increase§@ng€ Of stimulusfy’s that contain peaks falling within this
This nonmonotonic behavior can be understood by examin@9 range. _
ing the sample SACF functions in Fig. 8. For the relatively It iS important to note that the correct behavior of the
high f, of 200 Hz, the SACF contains multiple sharp peaksmodified model with regard to the effects of harmonic num-
at lags near Tf, reflecting the stimulus fine structure. & P€r is not based on harmonic resolvability. The modified
increases, these closely spaced peaks move in and out Bodel responds preferentially to complexes containing low
alignment with one another, yielding the observed nonmonoharmonics because of the introduction of the CF-dependent
tonic behavior. In contrast, the SACF representations for lowVace- This could be considered a major failing of the model,
fo's (e.g., 50 and 100 Hzare dominated by a single large if good fq discrimination performance were directly depen-
peak at each multiple of 14, with relatively small side dent on the presence of resolved harmonics. On the other
bands. As a result, nonmonotonic behavior is not observefiand, the direct dependence of the modified modgl'®L
for these stimuli. This analysis suggests that the model usg¥edictions on harmonic number is consistent the results of
fine-structure information to discriminati for low-order, ~ Several studiesdescribed in Sec.)Isuggesting thaf, dis-
but not for high-order harmonics. Regardless, these norfrimination performance may depend only on harmonic
monotonicities occur foff, separations well above the dis- humber, and not on harmonic resolvabiliigr se(Houtsma
crimination threshold, and therefore do not impact the modand Goldstein, 1972; Arehart and Burns, 1999; Bernstein and
el's f, DL predictions. Oxenham, 2008

The AC model was modified to fit thig, discrimination
data described in Sec. Il, and has not yet been tested on other
data sets. Nevertheless, the dependence of predigtpdr-

The analysis of Sec. Il showed that the Meddis andformance on harmonic number is a direct result of\ther
O’Mard unitary AC model of pitch perception is unable to modification, suggesting that the modified model should be
account for the dependence fgf DLs on harmonic number. able to account at least qualitatively for the results of other
Whereas experimental data presented both here and elsgudies that have shown an increasé jrDLs with increas-
where (Hoekstra, 1979; Houtsma and Smurzynski, 1990;ing N. These includef, discrimination studies with
Carlyon and Shackleton, 1994; Shackleton and Carlyonbandpass-filtered harmonic complexg¢toutsma and Gold-

V. DISCUSSION
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stein, 1972; Hoekstra, 1979; Houtsma and Smurzynskiow CFs than for high CFs. De Cheveigaed Pressnitzer
1990; Shackleton and Carlyon, 1994; Bernstein and Oxent2005 have proposed a similar idea that relates filter impulse
ham, 2003, as well as those that manipulake for com-  response times to pitch processing.
plexes with a fixed, (Houtsma and Goldstein, 1972; Hout- With the addition of a CF-dependent lag window, a
sma and Smurzynski, 1990; Shackleton and Carlyon, 1994ingle pitch mechanism based on temporal information can
Bernstein and Oxenham, 2003-urthermore, because this account for the pooref, discrimination performance associ-
modification relies on harmonic number rather than periphated with highN. However, it does not address other evi-
eral resolvability, it is likely to account for results indicating dence relating to frequency modulatiofM) detection and
that the diotic presentation of alternating harmonics does ndemporal integration that points to the possible existence of
improvef, discrimination performancéHoutsma and Gold- two separate pitch mechanisms. Plack and Carl{$#95
stein, 1972; Arehart and Burns, 1999; Bernstein and Oxenshowed thatf, discrimination was affected by decreasing
ham, 2003 despite the improvement in peripheral resolvabil-stimulus durations below 100 ms more for unresolved than
ity (Bernstein and Oxenham, 2003 for resolved complexes. They suggested that the exception-
In contrast to the behavior of the modified model with ally poor FM detection performandeelative to thef, DL)
respect toN, its correct behavior with respect to phase ef-measured for unresolved complexes resulted from an ab-
fects is most likely based on harmonic resolvability. Thesence of the longer integration time needed to extractghe
original model predicted a large effect of phasefgnDLs  Because the modified autocorrelation model needs the same
for low fy's containing unresolved harmonics, where theintegration time for a giveri, (i.e., somewhat longer than a
SACF mainly reflects phase-locking to the envel¢pig. 2.  single pitch period, in order to yield an SACF peaklat
In these conditions, the envelope resulting from the interac= 1/fo) regardless of resolvability, it is not likely to account
tion of multiple harmonics within one filter was much for this result. It may be possible to interpret the CF-
“peakier” with sine-phase complexes than with random- dependent weighting function as a manifestation of two pitch
phase complexes, yielding smaller predicfgdDLs. While mechanisms. In this interpretation, the second segment of the
the modified model predicts that stimuli yielding lar§g  12g-window[Eq. (6)] corresponds to the mechanism for low-
DLs should also yield phase-dependégtDLs, the two ef- order resolved harmonics, the CF-independent fourth seg-
fects rely on different processes. The dependendy,@Ls  Ment represents the more poorly performing mechanism for
on harmonic number derives from thve,cr modification. high-order, unresolved harmonics and the third segment rep-
The dependency on phase derives from inherent differencég§sents the transition between the two.
in the way the model processes resolved and unresolved har- The autocorrelation model outlined here and elsewhere

monics, and is correctly predicted by both the original and(©-g-, Meddis and Hewitt, 1991a, b; Cariani and Delgutte,
modified AC models. 19964, b; Meddis and O’Mard, 19p%kes into account all-

How is the mathematical formulation of a lag window to order intervals between.ANF spikes. Kaern.bach and ngany
be interpreted in terms of physiological mechanisms? Lick{1998 challenged the view that thigy detection mechanism
lider (1951) formulated an AC model of pitch perception in takes into account anythlng. but fllrst-o'rde.r |ntersp|ke inter-
terms of a system of neurons, where every cochlear frevals. They showed that a click-train withy information in
quency channel is associated with its own bank of AC neuits first-order interspike interval statistics was easier to dis-
rons. and each neuron in the bank is tuned to one of a wigeiminate from a random click train than a click train con-
range of periodicities. The ACFEQ. (1)] represents the re- taining f, information in its second- and higher-order inter-
sponses of each of the neurons in the bank, and the lag wiryal statistics, even though the waveform autocorrelation
dow is a weighting function applied to these responses. I$howed a similar peak at a lag corresponding to ftién

the physiological interpretation, a larger number of neurond0th cases. However, Pressnitzgral. (2002 showed that

associated with a given lag will reduce the noise in the peri@n all-order autocorrelation based on simulated ANF re-

odicity representation, yielding smaller predictedDLs for ~ SPONSes, rather than the raw waveform, may be able to ac-
the f, associated with that lag. F:ount for this phenomenpn, as a resylt of the auditory filter-
In a manner similar to that described in the harmonic'"d @nd neural transduction present in the model.
template model of Shamma and Kl€@000, the autocorre-
lation mechanism might develop over time to detect onIyVI' SUMMARY AND CONCLUSIONS
those temporal correlations that tend to occur in the outputs Measurements dff, DLs for bandpass-filtered harmonic
of individual ANFs in response to generic wideband stimuli. stimuli demonstrated thdt, discrimination performance de-
The CF-dependent lag windows described Hém. (6) and  pends largely on harmonic number: as the ratio of a com-
Fig. 5] could emerge naturally based on the statistical propplex’s f to the frequency of its lowest component increases,
erties of ANF outputs in response to such stimuli. Since the discrimination improves. The Meddis and O’MaftR97)
temporal extent of the impulse response of a bandpass filtemitary AC model of pitch perception fails to predict this
is inversely proportional to the filter’s bandwidth, the nar- effect of harmonic number ofy discrimination. While psy-
rower filters associated with lower CFs will yield a wider chophysical measurements show an improvemerit, idis-
range of lags over which a filtered wideband input stimuluscrimination with increasind, for bandpass filtered harmonic
will correlate with itself. Mirroring the properties of these stimuli, the AC model predicts the opposite behavior, at least
naturally occurring autocorrelations, the system would bedor sine-phase complexes. In order for the model to correctly
tuned to detect ANF response correlations at longer lags fopredict the psychophysical results, ad hoc modification
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was made, whereby the lags for which the AC was measuredk CheveigngA., and Pressnitzer, D2009. “The case of the missing
in each frequency channel were weighted in a CF-dependenlde|ay lines: Cross-channel phase interactiod,”Acoust. Soc. Am(in

PO P : press.
manner. This yleldedo DL predlctlons that decreased with Delgutte, B.(1982. “Some correlates of phonetic distinctions at the level of

incre.asmgfo_y and dependeq maimy on harmonic numt_>er, the auditory nerve,” inThe Representation of Speech in the Peripheral
consistent with the data. This modification works by forcing Auditory Systemedited by Granstrom RCaEElsevier, Amsterdain pp.

the model to respond preferentially to low numbered har- 131-150.

monics. The correct behavior of the model in no way reﬂect@elgutte, B.(1987. “Peripheral auditory processing of speech information:
’ Implications from a physiological study of intensity discrimination,” in

a preference for resolved harmonigser se Instead, the The Psychophysics of Speech Perceptiedited by M.E.H. Schouten

model introduces a dependence on harmonic number, with-(Nijhoff, Dordrecht, The Netherlangispp. 333—-353.

out regard to harmonic resolvability. Geisser, S., and Greeenhouse, S(1858. “An extension on Box's results
In conclusion, this study has shown that a single auto- on the use of thé& distribution in mulivariate analysis,” Ann. Math. Stat.

lati hani dified to include CF dependencys oo o on
correlauon mechanism, modified to include epen enC3ﬁl‘hitza, 0.(1986. “Auditory nerve representation as a front-end for speech
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