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The sensitivity of listeners to changes in the center frequency of vowel-like harmonic complexes as
a function of the center frequency of the complex cannot be explained by changes in the level of the
stimulus[Lyzenga and Horst, J. Acoust. Soc. A88 1943-19551995]. Rather, a complex pattern

of sensitivity is seen; for a spectrum with a triangular envelope, the greatest sensitivity occurs when
the center frequency falls between harmonics, whereas for a spectrum with a trapezoidal envelope,
greatest sensitivity occurs when the center frequency is aligned with a harmonic. In this study, the
thresholds of a population model of auditory-nefeN) fibers were quantitatively compared to
these trends in psychophysical thresholds. Single-fiber and population model responses were
evaluated in terms of both average discharge rate and the combination of rate and timing
information. Results indicate that phase-locked responses of AN fibers encode phase transitions
associated with minima in these amplitude-modulated stimuli. The temporal response properties of
a single AN fiber, tuned to a frequency slightly above the center frequency of the harmonic complex,
were able to explain the trends in thresholds for both triangular- and trapezoidal-shaped spectra.
© 2005 Acoustical Society of AmericdDOI: 10.1121/1.1856391

PACS numbers: 43.64.BWPS Pages: 1210-1222

I. INTRODUCTION changes in the center frequency of bandlimited harmonic
complexeqFig. 1), which are a convenient simplification of
The cues used by listeners to detect spectral changes #ynthetic vowel signals. Figure(@ shows Lyzenga and
vowels have been studied for many years. However, the cuésorst's (1995 results for triangular spectra with different
embedded in vowel signals and the mechanisms used by thgectral slopes; the highest thresholds for discrimination of
auditory system to encode and process these cues are still nsnter frequency are near the center frequencies of 2000 and
completely clear. Formant frequencies characterize the basg100 Hz, when the peak of the spectral envelope is near a
shape of the speech spectrum and are important for phonetiarmonic frequencye.g., Fig. 1b)]. The center-frequency
identification (Rabiner and Schafer, 19)8Estimating the discrimination threshold is lowes{Fig. 2@a), center
ability of the auditory system to resolve changes in formantfrequency=2050 HZ when the peak of the spectral envelope
frequency is a first step in understanding speech processing between two harmonic componefiig. 1(a)]. In contrast,
in the auditory system. Psychophysical experiments have eshe thresholds were lowest for the discrimination task with a
timated formant-frequency discrimination abili(lanagan, trapezoidal spectral envelopEigs. 1c), (d)] when the cen-
1955; Mermelstein, 1978; Sinnott and Kreiter, 1991;ter frequency was near a harmonic frequeffeig. 2(b), cen-
Kewley-Port and Watson, 1984however, reported thresh- ter frequency=2000, 2100, or 2200 Hz; Fig.(d)].
olds of the formant-frequency discrimination tasks have dif-  In the same study, just noticeable differengesl’s) for
fered among studies because of the complexity of the stimukhe center frequency of the spectral envelope were measured
and differences in experimental procedures. For exampleyith a randomly varied signal levelLlyzenga and Horst,
Mermelstein(1978 found that the threshold for discriminat- 1995. The roving-level paradigm makes signal level less
ing changes in the first formant at 350 Hz was 50 Hz, whichreliable as a cue to detect frequency change. Thresholds with
is much higher than the result of Flanagd®55, who re-  and without the roving signal level show similar trends
ported discrimination thresholds for the first forma&at 300  across frequencyFig. 2, dotted and dashed lineswith
Hz) of 12 to 17 Hz. slightly elevated thresholds for the roving condition. The ra-
Lyzenga and Horst1995 conducted an interesting set tio of roving versus nonroving jnd’skeeping all the other
of experiments concerning the ability to discriminate parameters the samés about 1.5 in most casdkyzenga
and Horst, 1995 This result suggests that the auditory sys-
@Author to whom correspondence should be addressed. Electronic maip.em does not rely on level cues to encode the center fre-
lacarney@syr.edu guency of harmonic complexes.
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In the current study, thresholds for center-frequency dis- 2000 2025 2050 2075 2100 2000 2050 2100 2150 2200
crimination were estimated based on the response patterns of
a computational model for a population of auditory-nerve Center Frequency (Hz)

(AN) fibers. A general approach to quantifying the ability of
AN population responses to explain psychophysical threshFIG. 2. Human thresholds for center-frequency discrimination of the

olds was proposed by Siebéft965, who combined an ana- hgrmon_lc-comp_lexeérom Lyzenga and Horst, 1995; reprlnt_ed with permis-
sion) with (a) triangular spectrum envelope aitb) trapezoidal spectrum

lytical model of the periph(_eral auditory SySte.m.Wit_h an idealenyelope. Each row corresponds to the thresholds for a different slope of the
central processor to predict performance limits in psychoharmonic envelopeG =100, 200, and 400 dB/oct from top to bottom. The
physical tasks. The discrimination ability of the ideal centralsolid lines[(a), lower two panelsare predictions based on the change in the

; : erall level of the stimuli. The dashed lines with triangle signs are human
processor can be estimated with methods from the theory Cﬂ::'esholds for the experiments described in the text. The dotted lines with

St_atiStical_ hypothesis testing. Hei_riEt al. (2001a _adopted_ circles are human thresholds with a random within-trial rove of the stimulus
Siebert’s ideal-processor mechanism and combined it with &vel (Lyzenga and Horst, 1995

detailed computational AN model in a study of monaural
level and frequency discrimination. In this study, the Heinzdomness of the neural discharyes by assuming that fewer
et al. (20013 approach was applied to the problem of center-AN model fibers were engaged in the task.
frequency discrimination of harmonic complexes, and model
predictions were compared with the psychophysical resulty. METHODS
of Lyzenga and Horst1995. Predictions based on average A Stimull
rate of the AN responses were compared with predictions™
based on both average rate and the fine structure of the AN Two center-frequency discrimination experiments by
response patterr(ge., the timing information The Tan and Lyzenga and Horst1995 were simulated using bandlimited
Carney (2003 computational AN model was used to simu- harmonic complexes with a fundamental frequency of 100
late responses of the population of AN fibers to theHz (Fig. 1). Stimulus parameters were the shap&ngle or
harmonic-complex signals. trapezoid, the slope G=100, 200, or 400 dB/ogtand the

A study of the coding mechanisms used by the periphcenter frequency of the spectral envelgfsem 2000 to 2100
eral auditory system is important to understand how speecHz for the triangular envelope and from 2000 to 2200 Hz for
signals are encoded. The purpose of this project is to explortne trapezoidal envelopdn the first experiment, the spectral
the cues used by the auditory system in formant-frequencgnvelope was triangular on a log—log scgiggs. 1a), (b)].
discrimination tasks. The study was not designed to identifyn the second experiment, the spectral envelope was trap-
the neural processing mechanism that achieved the best p&zoidal on a log—log scale, with a 200-Hz-wide constant-
formance (i.e., lowest threshold rather, the goal was to level plateau[Figs. 1c), (d)]. The fundamental frequency
identify neural cues and mechanisms that can explain thevas always 100 Hz, and all frequency components of the
performance of listeners. Thus, predicting the trends in theomplexes had a starting phase angle of zero degrees. Signal
psychophysical results was the focus, not the absolute valugiiration in each trial was 250 ms, including 25-ms onset and
of the thresholds. In general, the model thresholds were betffset ramps shaped by a raised cosine.
ter than psychophysical thresholds, but model thresholds As in the physiological experiments, the frequencies of
could be modified by the addition of internal noige., ran-  the harmonic componen{§ig. 1, vertical lineg were held
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+— Center nents with frequencies higher than 2000 Hz decreased.
To better understand the features of the harmonic com-
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VAN c v N plexes and the performance predicted by the AN population
,/’ ‘\\ /’ \\ model, it was useful to consider simpler signals with fewer
',/ \\ components in addition to the harmonic complexes described
above. The simplified signal also made mathematical analy-
2000 2100 1900 2000 21002200 sis more tractable. We will illustrate stimuli with center fre-
Frequency (Hz) Frequency (Hz) quencies of 2000 and 2050 Hz because there are large dif-
ferences in psychophysical thresholds for these two center
Center frequencies(Fig. 2; Lyzenga and Horst, 1995Figure 3
B A D —_ demonstrates simplified versions of the stimuli in Fig. 1 with
o RN s AN triangular(left) and trapezoidal spectfaght). For the trian-
) XN P SN gular spectrum with center frequency at 2050[Hig. 3(a)],
s S only the two harmonic components closest to the center of
the envelope were included. In this case, the simplified signal
1900 2000 2100 1800 2000 2200>

combined two sinusoids with the same amplitude. This com-
bination of signals can be represented as a sinusoidal signal
FIG. 3. Simplified harmonic-complex signai&) triangular envelope with modulated by a cosine

center frequency at 2050 Hg) triangular envelope with center frequency

at 2000 Hz;(c) trapezoidal envelope with center frequency at 2050 (dg; ~ sin(27f ) +sin(2 /)
trapezoidal envelope with center frequency at 2000 Hz. The component

Frequency (Hz) Frequency (Hz)

amplitudes correspond to those in the 400-dB/oct slope condition. . ( 2’7T(f1 +f2)f> ( 27T(f1 _fz)t>
=2 sin cos .
\ 2 \ 2
constant throughout all simulations. The task was to dis (1)
criminate changes in the center frequeriEig. 1, circles of Carrier Modulator

the spectral envelop@ig. 1, dashed lingsThe magnitudes

of the harmonic components changed as the center frequency The cosine modulator serves as the envelope of the sig-
of the spectrum envelope shifted to lower or higher frequennal. An interesting feature of this simplified signal is that at
cies. For example, the center frequency of the harmonithe zero-crossing point of the cosine sigfahen the cosine
complex in Fig. 1b) was 2000 Hz. When this center fre- signal changes from positive to negative or from negative to
quency shifted to a frequency slightly higher than 2000 Hzpositive, there is a 180-deg phase change in the fine struc-
(e.g., 2005 Hg the magnitude of all the components with ture of the harmonic complex’s temporal waveform.
frequencies higher than 2000 Hz increased, and the magni- Figure 4 shows the simplified signals in the time do-
tude of all the components with frequency lower than 2000main. In Fig. 4a), the thick solid line is the simplified two-
Hz decreased. When the center frequency decreased slightgpmponent signal with center frequency at 2050[Elarre-

the magnitudes of the components with frequencies lowesponding to the spectrum in Fig(e8], and the thin solid line
than 2000 Hz increased, and the magnitudes of the compads the simplified signal with center frequency at 2060 Hz

Triangular
A . el
:% 0 - v g
= -1 RNV N
E — Center frequency=2050 Hz
20 —— Center frequency=2060 Hz |- FIG. 4. Time-domain waveforms for the simplified
_-_- Sinusoid 2050 Hz harmonic-complex signals with triangular spect(a).
g . s ‘ ‘ Stimulus with center frequency of 2050 HZy) stimu-
0.05 0.052 0.054 0.056 0.058 0.06 lus with center frequency of 2000 Hz. In each panel, the
Time (second) thick solid line illustrates a signal without the center-
B frequency shift and the thin solid line illustrates a signal
T ‘ * with a 10-Hz center-frequency shift. The dotted lines
1’, A A f - are reference sinusoidal signals of 2050 Hg and
2000 Hz(b).
20
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(shifted 10 Hz from 2050 Hz The dotted line in Fig. @) is  stimuli with trapezoidal spectidrigs. 3c), (d)], except that a
a pure sinusoidal signal at 2050 Hz, inserted to provide darger number of components was required in the simplified
visual reference. By comparing the thick and the thin solidsignals for the trapezoidal spectrum. The central four com-
lines with the dotted reference line in Figa4 the 180-deg ponents were kept for the stimulus with center frequency of
phase transition that occurs at zero crossings of the envelo@950 Hz[Fig. 3(c)], and the central five components were
can be observed. On the right side of the markiee down-  kept for center frequency of 2000 HiEig. 3(d)]. Figure a)
ward arrow, the thick and the thin solid lines have the same(thick solid line shows the simplified four-component sig-
phase as the dotted sinusoidal reference signal. On the lefials with a center frequency of 2050 Hize., between two
side of the marker, the thick and the thin solid lines have éharmonic components, Fig.(@] and 2060 Hz(thin solid
180-deg phase difference from the dotted reference line. Thiine, a 10-Hz deviation from 2050 HZn the time domain.
phase transition in the thick solid line differs slightly from The reference sinusoid at 2050 kiotted ling is included to
that in the thin solid line. The thin solid line has a relatively illustrate the 180-deg phase reverdasow) in both signals;
slower phase shift; that is, the phase shift in the thin solidhe time courses of phase reversals differ slightly between
line starts earlier and ends later than in the thick solid linethe two stimuli. Figure &) shows simplified five-component
This difference in the phase transient provides informatiorsignals with center frequency at 2000 fkthick solid line
for center-frequency discrimination, assuming that the ANand 2010 Hz(thin solid line, with a 10-Hz deviation from
response phase locks to the fine structure of the sound stim@000 H2 in the time domain. The arrows in Fig(l§ indi-
lus. cate two abrupt 180-deg phase reversals in the thick solid

Figure 3b) shows the simplified triangular spectrum line, whereas the phase reversals in the thin solid line are
used for a center frequency of 2000 Hz; three harmonic comrelatively smooth. Over the same period of time, there are
ponents were kept in this case. Because of the existence afore phase reversals in the five-component stim(iwie
the center component, the combination of these three habetween 0.05 and 0.06 than in the four-component stimu-
monic components does not have the 180-deg phase chanlys (once between 0.05 and 0.0p Bor the same difference
in the time domain. As described below, the presence or akin center frequencyl0 Hz), the time over which the phase
sence of this 180-deg phase shift can explain threshold difshift takes place is longer for the stimulus with a center fre-
ferences between these stimulus conditions. qguency at a harmonic frequengkigs. 3d), 5(b)] than for

In Fig. 4(b), the thick solid line is the simplified three- the stimulus with a center frequency between harmonic fre-
component signal with center frequency at 2000[Elarre-  quencies[Figs. 3c), 5(a@)]. These differences are potential
sponding to the spectrum in Fig(8], and the thin solid line  explanations for the relatively lower discrimination threshold
is the simplified signal with center frequency at 2010 Hzfor center frequency at 2000 Hz as compared to 2050 Hz for
(shifted 10 Hz from 2000 Hz The dotted line is a pure the trapezoidal spectf#&ig. 2(b); Lyzenga and Horst, 1995
sinusoidal signal2000 H2 which is included to provide a The simulations below allowed quantification of the informa-
visual reference. It is clear that the result of the 10-Hz shifttion in these differences and direct comparison between pre-
of the triangular spectral envelope is primarily a magnitudedicted thresholds based on a physiological model and actual
change in the time domain. thresholds.

The same simplification strategy was applied to the  This description of the stimuli with simplified spectra
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was included to facilitate the description and discussion otentral processor was assumed to optimally use the informa-
the possible cues in the stimuli. The threshold predictiongion encoded in the response pattern of each AN model fiber,
shown in the figures below were based on the original sigand the threshold of this central processor was estimated.

nals, unless specifically stated otherwise. The bound on the variance of the estimate of a variable can
be described by the CrameRao boundCrame, 1951; van
B. Nonlinear AN population model Trees, 1968 The variancer; of the estimate of any signal

parameter(e.g., F., the center frequency of the harmonic

The simulations of AN responses in this project werecompley based on the observation from tha AN fiber is
based on a nonlinear computational AN mo@&ln and Car- 1,5 ,nded by(Siebert, 1965, 1968

ney, 2003 designed to simulate the time-varying discharge

rate of AN fiber responses in cat to arbitrary sound stimuli. 1 _ T
This AN model has compression, two-tone suppression, and 2~ fo ri(t)
an instantaneous frequencylF) glide in its reverse- '
correlation function(e.g., Carneyet al, 1999. This model ~ Wherer;(t) is theith AN fiber’s instantaneous discharge rate,
was selected for this study to allow investigation of the po-T is the duration of the stimulus, arfé, is the center fre-
tential contributions to the results of compression and thé&luency of the harmonic complex. Note that Siebert’s strategy
frequency glide, which interact in a nonlinear fashion. Bothfor estimating the jnd is based on descriptions of the instan-
the compressive nonlinearity and the IF glide can be “turnedaneous rater;(t), for each model AN fiber in response to
on and off” by manipulating the parameters of the model.€ach stimulus. Simulations of individual AN discharge times
Threshold predictions based on a model without these feadre not required; the randomness of AN responses from trial
tures were not significantly different from those reportedto trial is incorporated in the assumption that the AN re-
here; thus, these model features were not critical for the preSponses are Poisson in nature.

dictions describedsee Tarf2003], Chap. 5, for more detail Equation(2) represents the normalized sensitivity of the
In addition, the simulations presented here were repeated ush AN fiber to a change in the center frequency change of
ing another nonlinear AN modéHeinzet al., 20019, which the signal. By assuming that the discharge patterns of all AN
has sharper tuning that is based on estimates of human audiibers are statistically independertdohnson and Kiang,
tory filters. Threshold predictions based on the Hedhal. 1976, the bound of the variance of the observation based on
(20019 model only differed from those presented here inthe AN population’s response pattern can be found by sum-
one casddiscussed beloy despite the sharper tuning of the Ming the bounds for each single AN fiber; i.e.,o}/

AN fibers. This result was expected because the informatiorr =il/o?. The jnd of the ideal central processor correspond-
in the rates of high-spontaneous AN fibers to wideband haring tod’ = chnd/\/a= 1 can then be foun(Siebert, 1965
monic complexes presented at mid to high levels are noas follows:
greatly effected by the AN filter bandwidth, nor are the tem-

@

ari(v]?
O

12

1/2
poral response propertigsuch as phase lockinghat are Fejna= 1 - 1_ -
critical for the temporal representations. Thus, the trends in 1 s T 1 () at
the threshold predictions presented here were robust across Z ? T Jori(t)| JF. |
different versions and configuratiofs.g., linear versus non- ' 3)

linear of the AN model. . . . .
The AN model population was based on a subset of th&duation(3) describes the jnd of an ideal processor that uses

total 30000 AN fibers in humatRasmussen, 1940which bot_h rate and timing informatiorii.e., “all in_formatiqn,"
were assumed to have characteristic frequendi@ss Heinz et al, 20013a. If only the average-rate information of

evenly distributed on a log scale from 20 to 20 000 Hz using"® AN model responses is used, E8). can be simplified to

a simplified version of the human cochlear map of Green- 1 12 1 12

wood (1990. Calculations presented here were based on 50  Fjng= = 1Tav 12| 4)
AN models with CFs evenly distributed on a log scale from E i E il

1500 to 3000 HZCFs beyond this range were not considered i g'iz T YildFc

for efficiency in computation or on subsets of these fibers. T . .
The 50 model fibers represented approximately 10% ofvhereY;=Jor;(t)dt is the expected number of spikeep-
the 30000 AN fibers ([log(3000/15000g(20 000/20] resenting the average-rate informagidrom the ith model
X 100%=10%), which corresponded to a subpopulation of AN fib€r in one trial.

3000 fibers. Thus, each of the 50 AN models represented The calculatio_n of the pgrtial derivative was app_roxi-
about 60 AN fibers, for a total of 3000 fibers in the 1500_mated by calculating the ratio between the change in the
3000-Hz range ’ response due to a small change in the center frequency of the

signal and the small change in the center frequefecy.,
Heinzet al, 20012

.. . . mi(t) ri(t|Fc+AFc)_ri(t|Fc)
The predictions of the jnd’s in center frequency were = . (5)
made based on the assumption that the observations of the IFe AF.
population AN-model response was a set of independenh this study, the approximation of the partial derivative was
nonstationary Poisson process&iebert, 1968 An ideal computed using\F.=1 Hz.

C. Statistical methods
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AN Population Model For Triangular Spectra
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2 <0.08
£ , , 3L E 2100 Hz 0.004| J 2100 Hz
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10 07 g $£0.04; [— Original signal 0.002
2000 2050 2100 2000 2050 2100 g ‘Z + Simplified signal
center frequency (Hz center frequency (Hz TN
quency (Hz) quency (Hz) ® 1500 2000 2500 3000 1500 2000 2500 3000
= Human threshold CF (Hz) CF (H2)
—— Overall-level Prediction
—— Rate-and-timing prediction . . .
-6~ Awerage rate prediction FIG. 7. Sensitivity of model fibers to the changes of the triangular

harmonic-complex center frequency as a function of model fiber CF. The
FIG. 6. Thresholds of the AN population model for discrimination of the left column (a)—(e) shows predictions based on rate information; the right
center frequency of harmonic-complex signals with triangular spdejra  column(f)—(j) shows predictions based on both rate and timing information.
(b), (c) and trapezoidal spectf@), (e), (f). Each panel corresponds to one Each row corresponds to one harmonic-complex center frequ@@6p to
slope of the spectrum envelop& £ 100, 200, and 400 dB/oct from top to 2100 Hz with a step size of 25 WzThe lines are based on the original
bottom). The lines with circles are predictions based on only average-ratestimuli (for all center frequencigsand the asterisks are based on the sim-
information of the AN population responses. The lines with asterisks areplified signals(shown for 2000, 2050, and 2100 Hz only
predictions based on both rate and temporal information. The dashed lines
(b), (c) are threshold predictions based on the change in the overall level of

the stimuli with triangular spectra; these predictions clearly have incorrecics (2050 H2 and highest when the center frequency fell on

trends in threshold as a function of center frequency as compared to thg harmoni2000 and 2100 Hz Model threshold predictions
psychophysical resultdyzenga and Horst, 1995The predictions for tri-

angular spectra based on the combination of rate and timing informatiorlf_)ased Only on rate inform_ation were r8|atiVE|y flat as a func-
(asterisks showed the desired trendise., lowest thresholds for center fre- tion of center frequencycircles. In contrast, Lyzenga and

quencies between harmonidsr all three spectral slopes. Horst's (1995 prediction based on the level of the signals
(dashed lined showed gpeakin the thresholds at 2050 Hz.

The computer programs used for the simulations pre- Rate-based predictions for an AN model with sharper

sented here are available at http://web.syr.eta¢arney tuning (Heinzet al, 20019 also had a small peak at 2050 Hz
(not shown. The sharper tuning in the Heinet al. AN
IIl. RESULTS model enhanced the energy-based information in the stimu-

lus, which resulted in predictions that had the wrong trend
(i.e., a peak rather than a trough in threshold plotted as a
Figures ©a)—(c) shows the predictions of the AN popu- function of center frequengyPredictions for the rate-and-
lation model thresholds for center-frequency discriminationtiming-based predictions of the model with sharper tuning
of the harmonic complexes with triangular spectra. Centerhad trends that agreed with the human da®., a trough
frequency discrimination thresholdgd’s) are plotted as a rather than a peak in the predicted thresholds as a function of
function of the center frequency of the spectral envelopecenter frequengyand were not significantly different from
Each panel corresponds to predictions for one value of theredictions for the Tan and Carn€3003 model used in this
spectral slope; psychophysical thresholds from Lyzenga anstudy. This was expected because the temporal response
Horst (1995 are replottedthick lines, along with their pre-  properties of AN fibers are not strongly affected by reason-
dictions based on changes in overall stimulus lg\f@gs. able differences in bandwidth of tuning for this type of
6(b), (c) dashed lines Model predictions were based on ei- stimulus.
ther the combined rate and timing information of the AN Explanations for the trends in the model thresholds are
model population respongasterisk$ or only on rate infor-  provided by examining the sensitivity of different members
mation (circles. The predictions based on the combinationof the model AN population. Figure 7 shows the normalized
of rate and timing information for all three spectral slopessensitivity (in units of 1/HZ) as a function of model-AN CF
showed the general trend of those observed for human liger the triangular spectrum with a slope of 400 dB/oct. Each
teners. That is, rate-and-timing-based thresholds plotted asraw corresponds to one spectral-envelope center frequency.
function of center frequency showed a “trough,” or were The normalized sensitivity for each AN model fiber based on
lowest when the center frequency was between two harmorboth rate and timing informatiofileft column, Eq.(2)] is

A. Predictions for signals with triangular spectra
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When only rate information is used, the overall sensi-
tivities (combined across Cl$or center frequency at 2000
Hz [Fig. 8a); dotted lind and 2100 Hz(asterisky are ap-
proximately the same as that for center frequency of 2050 Hz
(circles. Thus, the threshold based only on rate information
is relatively flat as a function of center frequercy. Figs.
6(a)—(c)]. When both rate and timing information are in-
cluded, the overall sensitivity for the stimulus with center
frequency at a harmonic frequené¢2000 or 2100 Hg is
lower than the overall sensitivity for center frequency at
2050 Hz, where a peak is observed in the sensitivity pattern
(circles. Thus, the population threshold based on both rate
and timing information is higher for center frequencies of
2000 and 2100 Hz than for 2050 Hlef. Figs. §a)—(c)].

The general trends for the AN population model predic-
tions based on rate and timing information qualitatively
match those in the psychophysical restiFsgs. §a)—(c)].
That is, the presence of peaks or troughs in the predictions is
in agreement with the experimental results. However, there
are more detailed trends in the psychophysical results that
were explored further using the responses of subpopulations
of AN fibers. For example, human thresholds are not sym-
metric around the lowest point on the threshold versus center
frequency curvgFigs. §a)—(c), thick lined; thresholds at

FIG. 8. (a) Normalized sensitivity patterns for triangular spectra with a 2025 Hz are always lower than those at 2075 Hz. The popu-

slope of 400 dB/oct at various center frequencies based on average-r
information of AN model response&) Normalized sensitivity patterns for

38tion model results based on both rate and timing informa-

triangular spectra at various center frequencies based on rate and timirféoN [Figs. Ga)—(c), asterisk$show a slight trend that agrees
information of AN model responses. This figure illustrates how informationwith this aspect of the psychophysical data. Figufe) 8

used by the model to discriminate the triangular spectrum stimuli is distribshg\ws a substantial difference in model sensitivity profiles

uted across fibers with different CFs. Rate-only and rate-plus-timing infor:
mation is distributed differently, especially for fibers tuned near the cente

frequency of the spectrum.

petween results for stimulus center frequencies of 2025 and

2075 Hz. This difference is effectively reduced in the overall
population sensitivity due to the presence of the sidebands in
the profiles. These profiles suggested that predictions based

defined as/{[1/r;(t)][[ori(t)]/dF.]%dt. The normalized on a smaller population of AN model fibers, centered at
sensitivity based on average-rate informatidght column about 2050 Hz, would have a larger difference in threshold
is defined as M,[9Y;/dF .]? [see Eq(4)]. Predictions based across center frequencies. Predictions based on a restricted
only on average rate ignore timing information; therefore, agopulation of AN fibers are also interesting to consider be-
expected, the normalized sensitivity based on average rate ¢ause it is reasonable to assume that the brain encodes infor-
always lower than the normalized sensitivity based on bothnation in a specific frequency regigne., near one formant
rate and timing information(note the different ordinate frequency based on information from a subset of AN fibers
scales in Fig. ¥ rather than from the entire population.

The solid lines in all ten panels of Fig. 7 were computed  Thresholds for different subsets of model AN fibers are
with the stimuli that were used in the psychophysical studyfurther explored in Fig. 9. Predictions based on model fibers
(Fig. 1); the asterisks are results based on the simplified hawith CFs between 1500 and 3000 Hasterisky are com-
monic complex signaléFig. 3). The results for the simplified pared to those for CFs limited to 1900—-2200 ts$guares
signals were nearly identical to those for the original signalsPredictions are also shown for two single-fiber models: in
suggesting that the simplified signals contained the cues thaine case, the model fiber used for each center frequency was
dominated the predicted thresholds. To compare the resultee CF with the highest sensitivity to changes in that center
across different center frequencies, the sensitivity profiles ofrequency(circles. The other single-fiber model was based
the AN population are plotted together in Fig(@aB(rate- on the response of the model AN fibers with CF at 2106 Hz
based sensitivityand Fig. 8b) (rate and timing There is  (diamond$. This CF was chosen as the member of the loga-
always a drop in sensitivity based on average-rate informarithmically spaced population that showed trends in sensitiv-
tion for fibers with CFs near 2050 HEig. 8@)]. In contrast, ity, when both rate and timing information were used, that
the sensitivity based on rate plus temporal information ofmost closely matched the trends in the psychophysical re-
fibers with CFs near 2050 Hz varies depending upon theults. Predicted thresholds for the neighboring fiber in the
stimulus center frequendyFig. 8b)]; these fibers have rela- AN population (CF=2077 H2 were very similar (not
tively low sensitivities for some center frequencies yet areshowr), indicating that the predicted thresholds were not
the most sensitive fibers in the population for other centehighly sensitive to the precise choice of CF.
frequencies. Figures 9a)—(c) show results based only on rate infor-

1216 J. Acoust. Soc. Am., Vol. 117, No. 3, Pt. 1, March 20@%ing Tan and Laurel H. Carney: Encoding and discrimination of vowel-like sounds



Triangular (G = 100dB/oct)

Average Rate D

Rate and Timing

Threshold (%)
2

= Human threshold
—— Large population (1.5-3kHz)

10| -5 Small population (1.9-2.2kHz) |452|

—©— Model with largest sensitivity
—6— Model with fixed CF (2106 Hz)
]

100~0W‘ |

M w0t

(S

2000 2050 2100
Center Frequency (Hz)

2000 2050 2100
Center Frequency (H2)

Triangular (G = 200dB/oct)

mation. The predictions based on the small population with
CFs between 1900 and 2200 Knarked by squareshow
the correct trendi.e., lowest threshold at 2050 Hz and high-
est thresholds at 2000 and 2100)Hdowever, the threshold
difference in this predictiorie.g., about a factor of 2 foB
=400dB/oct.) is much smaller than the difference in the
psychophysical result$e.g., about a factor of 10 fo
=400 dB/oct.). The two single-fiber model predictions based
only on the rate information fail to predict the general trend
of the psychophysical results.

Figures 9d)—(f) show predictions based on both rate
and timing information. The predictions based only on the
set of model fibers with CF at 2106 Hdiamond$ show a
shape that is most similar to the detailed trends seen in the
psychophysical results, with the lowest threshold at 2050 Hz,
the lowest threshold and the highest threshold differing by
approximately a factor of 1@for G=400dB/oct), and an

B fwerago Rak g . Rateand Timing asymmetrical threshold functidithe threshold at 2075 Hz is
" ol higher than the threshold at 2025 }HZhe other predictions
W also show trends similar to those in the psychophysical data;
however, they either do not have the asymmeésguares and
circles or they have a relatively small difference between
S the lowest and highest threshol@ssterisk as compared to
%10“ 107} the psychophysical results.
= M
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slopes. The experiments using trapezoidal stiniwzenga

and Horst, 199bincluded a center-frequency range equal to
two times the fundamental frequency, with the thresholds
showing the same patterns in the frequency range from 2100
to 2200 Hz as in the range from 2000 to 2100 Hz. The model
predictions are illustrated only for the range from 2000 to
2100 Hz; by illustrating this frequency range, the contrast
between the results for the triangular and trapezoidal spectra
is clearer. The changes in threshold across center frequency
are relatively small for trapezoidal stimuli that have low
spectral slopepG =100 and 200 dB/oct, Figs. 1@, (b), (d),

(e)]. For these slope conditions, predictions based on both
rate-alone and rate-and-timing are also relatively flat as a
function of center frequency; neither model captures the
small changes in threshold across center frequency for these
slope conditions. For the condition that resulted in relatively
large changes in threshold at different center frequencies
[G=400dB/oct, Figs. 1@), (f)] both the rate-based and
rate-and-timing-based predictions have the general trends
seen in the psychophysical results, with the highest thresh-
olds for center frequency 2050 Hz and lower thresholds for

FIG. 9. Thresholds for triangular spectra with various subsets of AN modelcenter frequencies of 2000 and 2100 Hz. As was the case for
fibers based on average-rate informati@-(c) or both rate and timing  the triangular spectréFig. 7), predictions based on the sim-

information (d)—(f). Each row corresponds to spectral envelopes with a . ¢ : - .
given slope G— 100, 200, and 400 dBJoct from top fo bottankuman plified versions of the trapezoidal spectra were similar to

thresholds(Lyzenga and Horst, 199%re shown as the solid line with no  those for the c_ompl_ete Stil“r_]uﬁh(.)'F ShOWI), §uggesting that_
symbols. The selections of the CFs of AN model fibers for the small-the cues contained in the simplified stimuli were responsible
population predictions are distinguished by different symbols. The line withfor the model thresholds.

circles is based on the model fiber with the highest sensitivity at each center : P _ .
frequency(The selection of this best model fiber could change for different The results for the stimuli with 400-dB/oct Slodags'

center frequenciesThe line with diamonds is based on a single AN model 10(C), (f)] were further examined by again looking at profiles
fiber with CF equal to 2106 Hz. of sensitivity versus model AN CIFig. 11). Figure 11a)
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%, ezoidal spectra with a spectral slope of 400 dB/¢@tSensitivity based on
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3 mation. Different harmonic-complex center frequencies are distinguished by
£ . o different symbols. This figure illustrates how the information used by the
10 — model to discriminate changes in center frequency of stimuli with trapezoi-
dal spectra is distributed across fibers tuned to different frequencies. As was
G oo true for triangular spectréFig. 8), the differences between the rate and
2 2 W rate-and-timing based models is largest for fibers with CFs near the center
10 10 frequency of the stimulus spectrum.
2000 2050 2100 2000 2050 2100
Center Frequency (Hz) Center Frequency (Hz)
. a1 (G = 400dBloct old at 2050 Hz is highest based on the rate information of the
rapezoiqaa = 0C] - .
c Average Rata” (F R and Timing large population of AN model fibefCFs of 1500~3000 Hz;

asterisks in Fig. 1@)].

= Human threshold

—— Large population (1.5-3kHz)
—=— Small population (1.9-2.2kHz)
—&— Model with largest sensitivity
—&— Model with fixed CF (2106 Hz)

Figure 11b) shows the sensitivity patterns based on both
rate and timing information; the overall sensitivity for the
stimulus with center frequency of 2050 Hz is lower than that

o for the other center frequencies, and thus the highest thresh-

old appears at 2050 Hz for the prediction based on all the
model fibers with CFs between 1500—3000 Hz in Fig(fiL0
’ %
107} 1 10? Eﬁ%

(asterisks
Figure 10 also shows predictions based on smaller AN
2000 2050 2100 2600 20":':0 21‘00
Center Frequency (Hz) Center Frequency (Hz)

Threshold (%)
3, 3,

populations. For both the rate-only and the rate-and-timing
predictions for the 400-dB/oct slope condition, the trends of
the prediction based on the model fibers with CF from 1900—
2200 Hz (squarep and the prediction based on the single-
model CF with highest sensitivity for each stimulicircles
FIG. 10. Thresholds for the trapezoidal spectra based on average rate infdd€re most similar to the general trend of the prediction based
mation only(a)—(c) and based on both rate and timing informatidip(f). on the larger population of model fibefEigs. 1dc), (f)].
Each row corresponds to spectral envelopes with a given sl6pel00,  The thresholds based on a single-model fiber with a CF equal
200, and 400 dB/oct_ from top to bottc_)mThe_thlck solid lines |I!us_trate 10 2106 Hz was also calculatédiamonds. For the rate-only
human thresholds. Different symbols distinguish the model predictions with T - o . )
different selections of model CF range. prediction, the trend of this prediction is wrorge., the
highest threshold occurs at 2000 )HZ he prediction based
on a single CF at 2106 Hz, using both rate and timing infor-
shows sensitivities based on the average-rate informatiomnmation, is the best match to the trends in the psychophysical
the integral of the sensitivity over model CF for the stimulusresults[Fig. 10b)], including the asymmetry in thresholds
with center frequency of 2050 HRFig. 11(a), line with  across stimulus center frequency. It is interesting that the
circleg is lower than for center frequencies of 20@&ashed same CF channéthe model fiber with CF equal to 2106 Hz
line) and 2100 HZline with asteriskis Therefore, the thresh- resulted in the best match to psychophysical results for both
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the triangular and trapezoidal spectra for the rate-and-timing- Triangular
based predictions. Model AN Responses
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IV. DISCUSSION

In  this study, harmonic-complex frequency-dis-
crimination experiments were simulated with a computa-
tional AN model, and the thresholds of an optimal detector !
for the frequency-discrimination tasks were evaluated. The : : ‘.
model performance was quantified using only average-rate § . ‘ -
. : . Lo : 0.045 0.046 0.047 0.048 0.049 0.0
information or using both rate and timing information.

Lyzenga and Horsf1995 showed predictions based on

N W A
o O
o o

-
(=
o

ischarge rate (spike/second)

o

the overall level change in the stimuli for the harmonic- & 5 , Nomaln;ed lef‘erence‘s
complex frequency discrimination. Their threshold predic- .g B
tions based on stimulus level and the threshold predictions.g _ 4/
here based only on model AN rate information both dis- £ %
agreed with the trends in human thresholds for harmonic- §) 83
frequency discrimination. Predictions based on combined § §
.. . . . £ D2 1
rate and timing information generally agreed with the trends © £
in psychophysical thresholds. § 241 ]
A method of simplifying the harmonic-complex spec- © £ Aﬂ /\M
trum was useful for identifying potential timing cues en- § = glnal ' IVITON

0.045 0.046 0.047 0.048 0.049 0.05 0.051 0.052

. . s . 2
coded in the harmonic complexes. The simplified signals had Time (second)

phase-transition cues that qualitatively explained the general
trends in the thresholds. For the triangular spectrum, wWhepiG. 12. The phase transition in the triangular spectrum stimjisles Fig.
the center frequenc{2050 H2 was between two harmonic 4(@] is preserved in the response of an AN model fiber. In péajelthe
components, the speed of the 180-deg phase transition prgashed line is a reference sigrsinusoid, 2050 He The thick and the thin

. L . . . . . . solid lines are responses of an AN model fifgF=2106 H2 to harmonic
vided t|m|ng information that dlStIthIShed thls stimulus complexes with triangular spectra with slopes of 400 dB/oct. and center
from one with a center frequency at a harmonic componentequencies at 2050 and 2060 Hz, respectively. Péneshows the differ-
(2000 or 2100 Hg For the trapezoidal spectrum, the phaseence between the responses to the harmonic complexes with and without the
transients occurred more often in stimuli with center fre_lo—Hz center-frequency change normalized by the response to the harmonic

. . . complex without the 10-Hz frequency shift. The largest differences in the

quency at 2000 or 2100 Hz than in the stimulus with CentelfAN model response between stimuli with different center frequencies occur
frequency at 2050 Hz. The rate-and-timing predictions apnear the time of the phase transition, when the stimulus envelope has the
parently take advantage of this phase-transition cue angmallest amplitude. See the text for more detail.

show the same trends as in human thresholds, for both the

simplified stimuli and for the full harmonic complexes. Rgir(t) illustrates the change in sensitivity as a function
Figure 12 illustrates the representation of the phasepf time to the 10-Hz shift in center frequency due to this
transition cue in the response of a model AN fiber with a CFyqdel AN fiber’s response. The integral Rf(t) over time
of 2106 Hz, which was the fiber used for the single-channels the normalized sensitivity of this AN model fiber to the
model prediction.iFigs. 9, 10, d_iamondsln Fig..lz(a), the center frequency change. Figure(tiPshows thaR(t) has
responses of this AN model fiber to harmonic complexese|atively high values during the 180-deg phase reversal.
(triangular spectrum(=400dB/oct) with center frequen- Thjs opservation, along with the results in Figs. 9 and 10,
cies of 2050 Hz(.thick_line? and 2060 !—|z(thin line) are supports the suggestion that the phase transitions provide
compared to a sinusoid signédashed ling The 180-deg temporal information that is consistent with the sensitivity of
phase reversal that was illustrated for the simplified stimulugisteners in the harmonic-complex center-frequency discrimi-
[Fig. 4@)] was also observed in the responses of the modehation task.
AN fiber. Figure 12 shows the normalized changes in the  Tpig study showed that fibers from a single-frequency
response of the AN model fiber due to a 10-Hz centerchannel provided the best prediction of the trends of thresh-
frequency change in the harmonic complex; i.e., the differg|g across center frequency for both the triangular spectrum
ence in the thin and the thick solid lines in Fig.(82nor-  4nd the trapezoidal spectrum for the slope condition that re-

malized by the thick solid line sulted in the most significant threshold changes. This single-
1 frequency channel is on the high-frequency side of the
Ryir(t) = harmonic-complex envelope at the lowest center frequency.
r cr=2104 t|f=2050 This is in agreement with a suggestion of Van Zar(te980
F cre o106 | f= 2060 —  cr_ o104 t|f = 2050 |2 that the temporal modulation transfer functioRMTF) for

noise stimuli with various bandwidths and center frequencies
is governed by the signal contents within the highest fre-
(6) guency bands of the stimuli.

2060- 2050
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Model results based on a small number of AN fibersthresholds. They concluded that an excitation-profile com-
with CFs near the signal frequency are intuitively more realparison model, which roughly predicted the lowest threshold
istic because these models require less neural processing thfam both spectra shapes, best predicted their data. However,
models based on large populations of AN responses, such #seir explanation required the assumption that the excitation
spread-of-excitation models. If the stimuli are narrow-banddifference included only negative values for responses to the
signals, most of the AN fibers outside the small populatiortrapezoidal envelope, whereas both positive and negative
centered at the target frequency generally would have revalues had to be included for the triangular envelfig. 10
duced sensitivity to changes in the stimulus, especially aof Lyzenga and Horst, 1995It is interesting that they were
low sound-pressure levels. If the stimuli are broadband sigable to explain their data with this model; however, it is
nals(such as speech, or narrow-band signals in the presenchfficult to envision a simple, physiologically based model
of noise, the responses of AN fibers outside the small popu-designed to explain results for both types of stimuli that
lation are likely to be dominated by stimulus componentswould respond as their profile-comparison model requires.
other than the target component. In addition, when the task ifhey also suggested that the results for the triangular spec-
a psychophysical experiment is to discriminate changes dfum can be partially explained by sensitivity to amplitude-
more than one frequency componéaig., at several formant modulation depttiFig. 9 of Lyzenga and Horst, 198%how-
frequencie} it is reasonable to assume that the auditory sysever, this theory cannot explain why the threshold trends
tem discriminates the change at each formant frequencgliffer as a function of center frequency between the triangu-
based on the information from AN fibers tuned near thatar and trapezoidal spectra.
formant frequency. Previous models based on temporal infor-  Lyzenga and Horst1997 extended their earlier study
mation in the form of first-order intervals also concluded thatand concluded that phase cues influence the threshold in the
a suboptimal model based on relatively few AN fiber re-frequency region near 2000 Hz. They observed that when the
sponses over limited time windows provided better predicfundamental frequency is 100 Hz, three harmonic compo-
tions of psychophysical data for frequency discrimination ofnents fall into one critical bantroughly 250-Hz widg and
pure tones than did a model based on the complete respond8éis the excitation-profile model cannot explain the data be-
of a large population of fiber¢Goldstein and Srulovicz, cause it is insensitive to the relative phase relations of the
1977; Srulovicz and Goldstein, 1983 harmonic components. They also calculated the envelope-

Our predictions based on rate and timing in the re-weighted or intensity-weighted averaged instantaneous fre-
sponses of a few model fibers had trends more similar t§luency(EWAIF or IWAIF; Feth, 1974, and concluded that
those in human thresholds than did predictions based on BWAIF and IWAIF showed little correspondence with the
larger population for the triangular spectriifigs. 9d)—(f)], ~ PSychophysical data. Additionally, Lyzenga and Hei197)
but the improvement was not as significant for the trapezoiPinted out that the occurrence of peaks in the second-order
dal spectruniFigs. 1dd)—(f)]. The reason for this difference derivative of the triangular-spectrum signal’s temporal enve-
may be that the trapezoidal spectrum had a 200-Hz plated@P€ clearly depended on the center frequency of the har-
and thus had a larger bandwidth than the triangular spectrurf?onic complex, as well as on the phase relation of the har-
More AN fibers are likely to be involved in the discrimina- Monic components. These results indicate the potential
tion task for this type of spectrum. importance of temporal cues in explaining discrimination

The assumption of an ideal central processor is nofhresholds. _ _
physiologically realistic, as it requires the central nervous S an extension of Lyzenga and Horstk997) analysis

system to have a perfect memory for the response patterns ff €nvelope-based cues, thaweightedchange in the aver-
each stimulus. A more realistic temporal processing strateg*9€d instantaneous frequen@yiF) was calculated for the
across-CF coincidence detection, was also investigdea, Harmonic complexes
2003. Across-CF coincidence detection did not effectively T T
explain trends in thresholds. Across-CF coincidence detec- AA”::U fl(t)dt_f fo(t)dt
tion is most effective for across-channel temporal ogeg., 0 0
Heinz et al, 2001h and would not be expected to be effec- whereT is the duration of the stimulug,(t) is the instan-
tive for within-channel temporal cues, such as the phasetaneous frequency of the stimulus at a particular center fre-
transition cues in the harmonic complex€igs. 4, 3. Other  quency(2000, 2025, 2050, 2075, or 2100 Hand f,(t) is
mechanisms for extracting temporal cues, such as tuning ithe instantaneous frequency of the stimulus at a center fre-
the modulation-frequency domain or interval-based codegjuency that has a 10-Hz shift from the center frequency for
should be further explored in future studies. A recent physi{4(t). If the auditory system usetlAIF to decode the center-
ologically based model for extraction of envelope cues profrequency change, then the size MAIF should be propor-
vides one possible mechanism that should be tested in fututenal to the relative sensitivity of the auditory system to the
studies for its potential to explain the psychophysical resultgenter-frequency change, and the reciprocahAfF should
studied herégNelson and Carney, 2004 be proportional to threshold. ThRAIF and its reciprocal are
Included in Lyzenga and Horst’s stud$9995 were the shown in Fig. 13. The reciprocal cfAlIF shows general
first steps in a series of studies that examined models to testends as a function of center frequency that are similar to
the adequacy of various cues and decoding mechanisms tmman thresholds, and thus the changes in the mean value of
explain their data. These models included a profile comparithe instantaneous frequency could roughly account for the
son model and one based on amplitude-modulation detectiamends of the performance. BecauSAlF is defined as the

: (7)
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Changes in AIF Threshold based on AIF rate-and-timing predictions and only introduced a slight el-

A B ot : evation in threshold for triangular spectra with center fre-
Thanguiar Trianguar quency of 2050 Hz, which worsened the agreement between
o A1°3 \/ model and psychophysical results. In addition, the trends in
< z the results presented here were not affected by either the
g10° g1 compressive nonlinearity or the glide in the instantaneous
g £ 1 frequency of the impulse response that are included in the
10 AN model used in this studgTan, 2003.
One goal of this study was to improve our understanding
o 2000 2050 2100 1o’ 2000 2050 2100 of speech processing in the auditory periphery. The harmonic
complex is a convenient, but highly simplified version of a
c D , vowel signal. Future work should pursue quantitative studies
) Trapezoidal 1 Trapezoidal of neural coding with stimuli more similar to natural speech.
10
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FIG. 13. Predictions of center-frequency discrimination results for the tri-l o
angular spectrunia), (b) and the trapezoidal spectrurg), (d) with G Absolute thresholds for Lyzenga and Horg995 level-based predictions
=400 dB/oct based on the unweighted averaged instantaneous frequencye'® based on a level jnd of 1.5 dB, which was empirically estimated as
(AIF). The left column(a), () showsAAIF as a function of center fre-  Part of their study. The thresholds of the ideal processor used in this study
quency. The right columib), (d) shows the reciprocal cAIF as a func- are lower because they were not limited by an independently imposed jnd,

tion of the center frequendigolid line) and human thresholdslashed ling Zglr:ter:;zzrréger{ovrvniziggtzgn?i/tit/h[ﬁgd?g)grﬁgﬁzoé;?zsgtnzitivégbla "

) ) ) ) convenient to use in illustrating the sensitivity of a population of fibers to
instantaneous-frequency difference between two stimuli avchanges in a stimulus parameter. The squared sensitivity of a population of

eraged over the duration of the stimulus, it is “averaged independent fibers with different CFs is simply the sum of the individual

e . ¢ ! ) : ! ) L > 5.
timing information” and thus is a suboptimal decoding fibers squargd sen§|t|V|t|es, i.e5) can be handlgd similar tal() thus,

. .. . . the use of this metric allows one to visually estimate the sensitivity of the
mechanism for timing information.

) . population by “integrating” across the entire population, or across subsets
As described above, the AN model discharge raig), of the population. The normalized sensitivity is defined as sensitivity per
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