Towards a measure of auditory-filter phase response
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This study investigates how the phase curvature of the auditory filters varies with center frequency
(CPH) and level. Harmonic tone complex maskers were used, with component phases adjusted using
a variant of an equation proposed by Schrodd€EE Trans. Inf. Theoryl6, 85—-89(1970]. In
experiment 1, the phase curvature of the masker was varied systematically and sinusoidal signal
thresholds were measured at frequencies from 125 to 8000 Hz. At all signal frequencies, threshold
differences of 20 dB or more were observed between the most effective and least effective masker
phase curvature. In experiment 2, the effect of overall masker level on masker phase effects was
studied using signal frequencies of 250, 1000, and 4000 Hz. The results were used to estimate the
phase curvature of the auditory filters. The estimated relative phase curvature decreases dramatically
with decreasing CF below 1000 Hz. At frequencies above 1000 Hz, relative auditory-filter phase
curvature increases only slowly with increasing CF, or may remain constant. The phase curvature of



with the phase curvature of the auditory filter to produce a  The data from Carnegt al, together with other phase
highly modulated filtered waveform with a phase curvaturedata from the BM or auditory nerve, have recently been ana-
close to zero, such as a sine-phase complex. This implies thbtzed by Sherg20013. He concluded that, once normalized
the curvature of the auditory filter must be negative, so that ifor CF, the frequency glides in the impulse responses were
compensates in some degree for the positive curvature of threlatively constant across different species and across CF, at
m,; masker. In the case of the, stimulus, the negative least above about 1.5 kHz. He referred to the regions above
curvature of the stimulus is simply increased by the auditoryand below 1.5 kHZin the ca} as the “scaling” and “non-
filter, resulting in a filtered waveform that still has a rela- scaling” regions, respectively. The cat's hearing extends to
tively flat temporal envelope. The argument that signalapproximately 50—-60 kHz. If we assume that the mechanics
thresholds are related to the degree of modulation of thef the cat and human cochlea are similar to within a scale
masker waveform after auditory filtering was supported byfactor (Greenwood, 1990 the transition frequency of be-
the finding thatm, maskers generally produce much moretween 1 and 1.5 kHz found by Carneyal. in the cat may
modulated masking period patterns than mle maskers, correspond to a frequency of around 300 to 500 Hz in hu-
suggesting that then, maskers produce highly modulated, mans. No behavioral estimates of phase curvature have been
or “peaky”, waveforms after cochlear filtering, while the made below 500 Hz in humans so far. Furthermore, behav-
response tan, stimuli is characterized by much flatter fil- ioral estimates of phase curvature at higher frequencies have
tered waveformgKohlrausch and Sander, 1995 not been sufficiently extensive for any general conclusions to
Psychophysical results from studies using Schroedefe drawn on whether the phase response in humans scales
phase stimuli in normal-hearing listeners have suggested th#ith CF at higher frequencies.
the phase curvature of the auditory filters is negative at all ~ The present study had two main aims. The first aim was
frequencies tested so f®mithet al, 1986; Kohlrausch and t0 estimate the phase curvature of the auditory filters over a
Sander, 1995; Carlyon and Datta, 1997g,This conclusion wide range of center frequencies. If the mechanics of the
can be compared qualitatively with measures of cochleafuman cochlea are similar to those of the cat, a reversal in
phase response in the physiological literature. Evidence foihe sign of the phase curvature might be expected at very low
negative phase curvature in the chinchilla peripheral auditorgignal frequencies. More generally, a knowledge of the phase
system has been found at the level of the basilar membrarfoperties of the auditory filters will be important in model-
(BM) (Ruggeroet al, 1997; Rhode and Recio, 200®Gimi-  ing the human auditory periphery. As pointed out by others
larly, in the guinea pig, negative curvature in the form of an(€-g., de Boer and Nuttall, 1987he temporal properties of
upward frequency glide in the BM impulse response haghe BM responses in various animals provide very strong
been reported by de Boer and NuttélD97). While the sign ~ constraints for models of cochlear mechanics. The second
of the curvature from these studies is consistent with tha@im of the study was to investigate whether, and how, phase
found psychophysically, a quantitative comparison is madéurvature chgnge; as a function of level. One consistent feg-
difficult by the fact that all these BM data were recorded{Ure of physiological measures of phase curvature is their

from the basal, or high-frequency, end of the cochlea, atevel invariance(for a recent review and theoretical implica-
characteristic frequencie€CFg well above the signal fre- tions, see Shera, 200L@his feature has not yet been tested

quencies studied in psychophysical experiments so far. CaRehaviorally in humans.

ney et al. (1999 analyzed the responses of auditory-nerve
fibers in the cat, which allowed the examination of a wide!l: EXPERIMENT 1. EFFECTS OF SIGNAL FREQUENCY

range of CFs. They also found evidence of a frequency glidg)N ESTIMATED PHASE CURVATURE
in the impulse response, indicating a nonzero phase curva. Methods

ture. However, an upward frequency glide, consistent with;  gimuii

negative phase curvature, was found only for auditory-nerve

fibers with CFs above about 1.5 kHz. Around 1 kHz, no glide Thresholds were measured for a sinusoidal signal in the
was apparent, and below about 750 Hz a downward frePrésence of a harmonic tone complex masker. The masker

quency glide was observed, indicating positive phase curv nad a total duration of 320 ms and was gated on and off with

ture at low CFs. A similar, albeit less clear, trend can be 0-ms raised-cosine ramps. The signal was temporally cen-

observed in the phase response curves from the cat auditoré)f-reOI within the masker and had a total duration of 260 ms,

nerve data of Pfeiffer and Molnaf1970. In contrast ated with 50-ms raised-cosine ramps. The signal frequency

auditory-nerve data from the squirrel monkey seem to indi'iz)%owss Sﬁ'}icfdn;rlo magcgg\ézgr&)qtuhznﬁlzkﬁmiﬁnag:rtfa:d
cate no reversal of phase curvature at low CFs; instead, dat Z 'ghal w Wi N9

from CFs of 200 and 1000 Hz both show essentially zer(frih E:lsskeerth;\tN;V ass Csoerlnecrtizgdracr;drgngﬁefrr](t)smbg'lt\?vleteorﬁ tg;:l.d-rhe
phase curvaturéAndersonet al, 1970. In some of the few y P P s

BM data available from the apical turn of the cochi€oo- 1.6f. This bandwidth was chosen because Oxenham and

per and Rhode, 1996there appears to be no significant Dau (2001 found that only components within this range

) ; ) contributed to the threshold of a 2-kHz signal in &n
curvature in the phase response of the guinea pig at a place
) masker. The phases of the components were selected accord-
along the BM with a CF of around 400 Hz. Due to the. o )
. . . _ing to a modification of Schroeder(4970 equation, as sug-
sparsity of data, however, it is not clear whether these differ- )
) ) : ested by Lentz and LegR001):

ences represent true species differences or simply measure-

ment uncertainty. 0,5 Cmn(n2 1)/N, 2 1<C=<1. (1)
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A Schroeder positive ;) or Schroeder negativent, ) I

complex is generated whe@5 1 or C52 1, respectively.

When C5 0, a sine-phase complex is generated. The phase e

curvature of the complex was V- SD
d?6 2 o Fe
WS CN_I‘(Z)' (2 20 | 125HZ125Hz 1

80 —t—t —

By varying theC value from2 1 to 1, a range of masker
phase curvatures, or frequency sweep rates, can be generate
(see also Schreinertal, 1983, and Mehrgardt and
Schroeder, 1983In one set of conditions, signal frequencies
of 125, 250, 500, and 1000 Hz were tested and the masker
fundamental frequencyf§) was set to 0.f. At signal fre-
guencies of 250 and 1000 Hz, two other maskgs were
also tested: 12.5 and 50 Hz at 250 Hz, and 25 and 50 Hz atg
1000 Hz. At signal frequencies of 2000 and 4000 Hz, the
maskerf , was set to 50 Hz. Signal thresholds were measured
for values of C between2 1 and 1 in steps of 0.25. The
overall level of the masker was 75 dB SPL. For the most
common case of 13 componertshen f,5 0.1f ) this cor-
responded to a level of about 64 dB SPL per component.

The stimuli were generated digitally and played out us-
ing a LynxOne(LynxStudig sound card with 16-bit resolu-
tion at a sampling rate of 32 kHz. The stimuli were passed
through a programmable attenuat@DT PA4) and head-
phone buffer(TDT HB6) before being presented to the lis-
tener’s left ear via Sennheiser HD 580 headphones. Listeners
were seated in a double-walled sound-attenuating booth.

SPL

Signal threshold

L 1000HZ 50 Hz

F 2000HZ50Hz

2. Procedure

An adaptive three-interval, three-alternative, forced- L L ‘
choice procedure was used in conjunction with a 2-down, ! 1 05 0 05 1- 05 0 05 1
1-up tracking rule to estimate the 70.7%-correct point on the C Value

psychometric functioriLevitt, 1971). Each interval in a trial o __ _ _
FIG. 1. Individual data from all the conditions tested in experiment 1. The

was .separated by an interstimulus interdl) Of_ 500 ms. first and second number in each panel denote the signal frequency and the
The intervals were marked on a computer monitor and feedrundamental frequency of the masker, respectively.

back was provided after each trial. Listeners responded via

the computer keyboard or mouse. The init.ial step size was 53 year$. All had absolute thresholds of less than 15 dB HL
dB, which was reduced to 2 dB after the first four reversalsat octave frequencies between 250 and 8000 Hz and had

Threslhol(_?_r\]/vas ?ﬁfmehd IZ‘S thf mttaan of the_ r‘.a,t.mlfilmmgds'xfreE'revioust taken part in a similar experiment. All were given
versass. ihree threshold estimates were inftally made 10}, een "1 and 2 h further practice before data were col-
each condition. If the standard deviation across the three rur(]jgcted

was greater than 4 dB, another three estimates were made

and the mean of all six was recorded. The conditions were

run using a randomized blocked design, with all conditionsg. Results
within one repetition being presented before embarking on . . .
the next repetition. The order of presentation of the condi- The individual data from all conditions are shown in

tions was selected randomly for each listener and each reﬂf—'g' 1, with 5|gnal threshold plotted as gfunchon of masl'<er
etition. Once a signal frequency and maskgrhad been C value. The first and second numbers in the panel captions

selected, all theC values for that condition were tested in denote the signal frequency and the mgﬁ@erres_pectlvely. .
There are some considerable individual differences in

random order before the next condition was run. Measure- ked threshold val N h ds in the d
ments were made in 2-h sessions, including many shof{1aSk€ FI resho V? Ues. ovl\éeve;_t e tren swtd(_e ata_are
breaks. No more than one session per listener was completé@ry simiiar across Isteners. For this reason, the discussion
- of the data will refer solely to the mean values.
in any one day. X . o -
In interpreting these data, it is assumed that the mini-
mum in masking is achieved when the phase curvature of the
stimulus is equal in magnitude but opposite in sign to the
The four listenergone male—P@were all paid for their  phase curvature of the auditory filter centered at the signal
participation. Their ages ranged from 20 to 29 ye@ngan frequency. In this way, the minimum threshold is achieved

3. Listeners
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0.1f5. Thresholds are plotted as a function @fvalue, and

the different symbols represent different signal frequencies,
250 Hz as shown in the legend. There are large variations in thresh-
500 Hz old as a function of masker phase at all signal frequencies;
all curves have maximum masking differences of at least 20
dB. As the total number of masker components is constant in
these four conditionsN5 13), the phase curvature of the
masker is inversely proportional to the square of the signal
frequency[see Eq.(2)]. This inverse-square relationship is
also what would be expected of filters with scaling symmetry
(Kohlrausch and Sander, 1995; Shera, 200la other
I words, if the auditory filters were of constant shape and
40 S E—— bandwidth when plotted on a logarithmic frequency axis

-1 -0.5 0 05 1 (e.g., constan@ filters), their phase curvature would be ex-

C Value pected to vary inversely with the square of the filter CF.

Therefore, if scaling symmetry applied to auditory filters

FIG. 2. Mean data showing masked thresholds as a function of masker . .
phase curvature at four signal frequencies. The masker bandwidth and futW_'th CFs between 125 and 1000 Hz, all four curves shown in

damental frequency were always proportional to the signal frequency.  Fig. 2 should have the same value@ft the point of mini-
mum masking. This is clearly not the case. Instead, the

when the filtered waveform most closely resembles a sineM@sking minimum at 1 kHz occurs &r above C5 1, and
phase complex and is maximally peaky. In support of thisthere.'s a .rap|d trend for th€ value to decrease with de-
assumption, Kohlrausch and Sand@e95 have shown a Créasing signal frequgncy, such that at 125 and 250 Hz, the
strong correlation between the peakiness of a filtered waveliNimum appears to lie at or close @b 0. Interestingly, at
form (as estimated using masking period patteraisd the 1_25 and 250 Hz, the functlons_are very S|mllar @y 0, but
threshold for a long-duration sinusoidal signal in a givendiverge somewhat fo€. 0. This point is discussed further
masker. The second assumption is that the phase curvature '8S€¢: V. _ _ _
the auditory filters can be approximated as constant within ' SOme respects the results are consistent with physi-
the filter passband. This assumption seems to be valid for afflogical estimates of cochlear phase response. Shera has
mammalian species studied so far. For instance, Canay ~ Peinted out that approximate scaling symmetry appears to
(1999 found that the instantaneous frequency glides fromnold at frequenlues above ab.out. 1.5. kHz in the cat, but not
their cat auditory-nerve impulse responses were well fitted®€/OW. As the signal frequencies in Fig. 2 were all below 1.5
with straight lines, thereby implying a constant phase curvakHz, one might not expect to find scaling symmetry in the
ture. This conclusion is also supported by de Boer and NutPhase curvature. In other respects, however, our data are not
tall's (1997, 2000a, bguinea pig BM data, as analyzed by consistent with physiological findings, at least in the cat. As
Shera(2001a. A plot of group delay as a function of fre- ment|0ne<_j in the Introduction, Carnest al. (1999 found _
quency at any given CfShera’s Fig. #shows that the group that the sign of the phase curvature reversed at frequencies
delay can be reasonably well approximated by a straight lin@€/0W about 1000 Hz. Such a reversal would be manifest by
for frequencies above about half an octave below CF. AlegativeC values at the point of minimum masking. Our
straight line on these coordinates implies constant curvatur&l@t@, down to 125 Hz, show no evidence for such a reversal.
Finally, it is important to note that, in contrast to stimuli with 'nStéad, the phase curvature tends to zero at the lowest signal
maximally “flat” envelopes(Schroeder, 1970; Hartmann and frequencies. It is not clear whether this difference is due to
Pumplin, 1988, the phase relationships producing the maxi-the different techniquegphysiological vs behavioralor
mally peaky envelope do not depend on the magnitudes gihether it reflects true species differences. As mentioned in
the components. In other words, for a given masker, the mad—he Introduction, the fact that the available data from squirrel
nitude spectrum of the auditory filter, the headphones, anfonkey(Andersonet al, 1970 also seem to show zero cur-
the outer/middle-ear transform, should not affect the value oyature at low CFs leaves open the possibility of species dif-
C at which the minimum threshold occurs. ferences.

The data are discussed in the following three sections.
The first examines conditions in which tHg and masker ) . )

. . . . 2. Effects of signal frequency with a fixed masker f ;.

bandwidth were proportional to the S|gnal_ freqL_Jency, theA test of scaling symmetry at higher CFs
second examines the effects of changfggvhile f, is held

constant at 50 Hz; the third examines the effects of changing  Figure 3 shows the mean data for the five signal fre-
fo while keepingf, fixed at 250 or 1000 Hz. quencies, including 2000 and 4000 Hz, tested with a fixed

maskerf, of 50 Hz. A general trend is that the maximum
) ) ) masking difference increases with increasing signal fre-
1. Effects of signal frequency with a variable f . A quency. This is expected, as the bandwidth of the auditory
test of scaling symmetry at low CFs filters increases with increasing CF while, in this case,fthe
Figure 2 shows the mean data for signal frequencies obr component density remains constant. For these conditions,
125, 250, 500, and 1000 Hz. The masKgrwas always a doubling offg leads to a doubling oN, as the absolute

70
125 Hz

R

1000 Hz

&4
o

Signal threshold (dB SPL)
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FIG. 4. Mean thresholds as a function of masker curvature at signal fre-
guencies of 250 Hzleft pane) and 1000 HZright pane). Values given in
C Value the legend represent the masker fundamental frequencies tested.

FIG. 3. Mean data showing masked thresholds as a function of masker

phase curvature at five signal frequencies, from 250 to 4000 Hz. The mask%{t C5 1 (or above. Data in the left paneﬂ250 H2 showC
bandwidth was proportional to the signal frequency, but the masker funda- )

mental frequency was held constant at 50 Hz. values of 0 at the minimum fdiy's of 12.5 and 25 Hz, but a
minimum of around 0.25 for arfiy of 50 Hz. This is also

bandwidth of the masker doubles. Therefore, if the auditonFONSiStent with the above prediction, and suggests that the
filters exhibited scaling symmetry, then ti@&value at the true” minima at the tWO lowerfy's lie .som.ewhere petween
point of minimum masking should double with every halving C5 0 ar_1dC§ 0.25. Finally, the data in Fig. 4 rephcate the
of f,. There is some indication of this type of relationship &rli€r finding(Kohlrausch and Sander, 199t increases
between 1000 and 4000 Hz, in that Bevalue of the mini- " maskerf, lead to decreases in the maximum masking
mum decreases with increasifig. However, as in Fig. 2, differences observed. _ o
this relationship breaks down fdr, lower than 1000 Hz, Supplemental experiments were carried out with signal
with the C value at the minimum actually moving in the reguencies of 125 and 250 Hz, using a number of masker
opposite direction. The results from the two highest signal’@lues betweea 0.25 and 0.25, in an effort to more closely
frequencies provide some indication that auditory filters withd€fin€ the point of minimum masker. However, the resulting
CFs above about 1000 Hz may exhibit some form of scalind“aSk'ng functions were too flat to specify the minimum with
symmetry, as has also been found in the cat above about 1%Y degree of accuracy.

kHz. However, as this conclusion is based on only two signal

frequencies it must be treated with some caution. A furthec, Masking with a signal frequency of 8 kHz

condition at a signal frequency of 8 kHz was tested on a new

group of listeners after the original data had been collected, ~1h€ data in Fig. 3 indicate that the phase curvature of
These data are described in Sec. |1 C. the auditory filters may scale with CF for signal frequencies

above about 1 kHz. However, this conclusion is based only
on data from 2 and 4 kHz. To extend these findings, data
were collected from four new listeners, aged between 23 and
If the point of minimum masking is determined by the 32 years, who all had normal hearing as defined in experi-
interaction between the phase curvature of the masker andent 1 and were given at least 2 h training. Each threshold
the auditory filter then, for a given signal frequency, thereported is the mean of four estimates. The maskers had the
maskerC value at the threshold minimum should vary with same relative bandwidth as in the original experiment, ex-
maskerf, in a predictable manner. Specifically, a doubling tending from 0.4 to 1.&. The new listeners were tested on
of fy should lead to a doubling of thé value at the mini- a condition withf 5 8000 Hz andfy5 200 Hz. This is simi-
mum. (As the masker bandwidth is fixell,is approximately lar to the earlier 2-kHz condition, but scaled upwards by a
inversely proportional td,, leading to the phase curvature factor of 4. If scaling symmetry holds for the phase response
being inversely proportional té,, rather thanf3.) In this  of the auditory filters between 2000 and 8000 Hz, thenGhe
way the data provide a consistency test of the hypothesigalue producing the minimum threshold should be similar
underlying this work, as well as providing multiple estimatesfor these two conditions.
of phase curvature at a given signal frequency. The individual(symbolg and mear(solid curve results
Figure 4 shows the mean data for signal frequencies ofrom this experiment at 8 kHz are shown in Fig. 5, together
250 Hz(left pane) and 1000 H4right pane] as a function of  with the mean results at 2 kHz, replotted from Figdashed
masker C value. The different symbols denote different curve). As in previous experiments, there are some consider-
maskerfy's. Data in the right panelf(5 1000 Hz) are in able individual differences. The individual masking minima
broad agreement with expectations: a doublingofrom 25  tend to lie betweerC values of 0.25 and 0.75, which is
to 50 Hz leads to an increase in tBevalue at the minimum similar to the range found at 2 kHz. Thus, the data do not
from about 0.25 to between 0.5 and 0.75. Another doublingule out the possibility that the auditory filter’s phase curva-
from 50 to 100 Hz leads to the minimum point being foundture scales with CF above about 1 kHz, although the vari-

3. Effects of masker f ,. A test of consistency
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MR far would reveal this compression. There are some physi-
ological indications that this may be the case. For instance,

RM i o
570 Rhode and Coope1996 reported some nonlinear gain in
@ 5 RZ the apical turn of the chinchilla cochlea but showed that,
g ss unlike in the basal turn, the gain did not appear to be fre-
2 50 Mean800OHz ~ duency selective. _ S

8 On the other hand, thiy’s used in conjunction with the

£ 2000 Hz : . .

= 40 lowest signal frequencies are so low that the period of the
5 stimulus may be large compared with the duration of the
w

w
o

temporal window, or smoothing function used to characterize
auditory temporal resolution. For instance, at 125 Hz,fthe
of 12.5 Hz corresponds to a period of 80 ms. This is consid-
erably greater than the hypothesized duration of the temporal
window, which is generally assumed to be around 10 ms
FIG. 5. Individual(symbolg and mear(solid curve data for a signal fre-  (e.g., Oxenham and Moore, 199As shown by Oxenham
quency of 8000 Hz. The dashed curve denotes mean data with a 2-kHand Dau(200]), when the temporal window is small com-
signal, replotted from Fig. 3. . . . .
pared with the period of the masker, large masking differ-
o ) ences can be predicted without compression, and compres-
ability in the data tempers any strong conclusions. Neverthesio, ceases to make much difference in the predictions.
less, thgre are cgrtainly no gross deviations from the |, summary, the large differences in threshold at the
assumption of scaling symmetry, such as those observed gfiyest signal frequencies do not necessarily imply the pres-

N
(=)

e
o
w
o
(=3
w
-

C Value

the lower signal frequencies. ence of peripheral compression. However, they do suggest
that hearing-impaired listeners should exhibit large masking
D. Discussion: Role of peripheral compression differences due to phase changes if sufficiently liyg are

Experiment 1 shows that the interaction between thi{gmployed.. Prelimina}ry data indicate that hearing-impaired
auditory-filter phase curvature and that of the stimulus play isteners in fact contmue’to show reduced effects of masker
a large role across a very wide range of signal frequencie&has_e even 6_“ very lowy's (Dau a_md _Ox_enham, _200)1If
The finding of large masking differences even at the Iowesf:on_f'rmed' this f'”d'T‘g may prowdg indirect ewd_ence for
frequencies is noteworthy. Physiological and psychophysicaﬁ"mIOheral compression at low CFs in normal hearing.
data have suggested that compression in the input—output
function of the basilar membrane may be reduced or eve ISITEI);AF,)A\ETIEIQAEuZSZEECFJIE\?;TSUSE MASKER LEVEL ON
absent at low CF¢Cooper and Yates, 1994; Hicks and Ba-
con, 1999; Plack and Oxenham, 200G has been shown The results from experiment 1 showed large effects of
using the temporal-window model that when some temporaiasker phase at all signal frequencies tested. Note, however,
smoothing occurs, peripheral compression is essential in prdhat the results would have looked rather different if amly
ducing largem, /m; masking differencegOxenham and andm, waveforms had been used, corresponding®1
Dau, 200). Because of this, the fact that hearing-impairedandC52 1, respectively. For instance, no phase effects at a
listeners seem to show little or no phase effects in maskingignal frequency of 125 Hz would have been observed at all
(Summers and Leek, 1998; Summers, 2008s been inter- (see Fig. 2 Earlier studies have shown that masking differ-
preted as evidence for the importance of peripheral compregnces betweem, andm; maskers decrease at low levels
sion. The present data therefore lead to the conclusion eithé€arlyon and Datta, 1997a, land are also somewhat re-
that compression is still present at low frequencies, or thatluced at very high level&Summers and Leek, 1998t has
compression is not necessary to account for the data at lolveen hypothesized that this may be due to a reduction in
frequencies. peripheral compression, a narrowing of the auditory-filter
A review of the literature on compression at low fre- bandwidth(at low levelg, or a combination of theséCar-
guencies suggests that it may be premature to rule out thgon and Datta, 1997aWhile quantitative simulations sup-
possibility that peripheral compression is present at very lowport both of these hypothesé€®@xenham and Dau, 20Q1it
frequencies. There are very few reliable data of BM motionremains possible that the phase response of the auditory fil-
in the apical, or low-frequency, end of the cochlea, due to theéers changes with level in such a way that the differences
technical difficulties of measuring there without causingbetween the filterean, and m; waveforms are reduced at
structural damagéCooper and Rhode, 1996All the other  low and high levels. In other words, the lack of am /m;
measures, physiologic&Cooper and Yates, 1994nd psy- difference at low levels may be due to the two particular
chological (Hicks and Bacon, 1999; Plack and Oxenham,phase relationships chosen by past experimenters, rather than
2000, rely on indirect measures. These measures assunte a lack of any phase effects at low levelsr se
that the compression is frequency selective, and that frequen- A second rationale for examining the effects of level
cies well below CF are processed linearly. As pointed out bystems from physiological results, which suggest that phase
Plack and Oxenhani2000, if the compression at low fre- curvature in the mammalian cochlea is level invariae
guencies were not frequency selective, i.e., if all frequencie8oer and Nuttall, 1997; Reciet al, 1998; Carneyet al,
were compressed equally, then none of the measures used 5@99; de Boer and Nuttall, 200Dbr'his finding is somewhat
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Overall masker level (48 SPL) generally lower and vary more with phase at the highest
> 40dB A B0dB -0 85dB masker level than in the other two conditions. The signal-to-
masker ratio at threshold is roughly constant with overall
masker level only for the conditions producing the most
masking(generallyC52 1). For otherC values, the thresh-
old signal-to-masker ratio varies with masker level by as
much as 25 dB. These very large changes in signal-to-masker
ratio imply a very gradual growth of masking, more in line
— with that normally found in forward masking than in simul-

08 008 108 0 08 T 08 008 T taneous masking. This is consistent with the idea that thresh-
fG. 6. M ved threshalds. relative fo th ) evel olds in highly modulated maskers are governed by forward
a fu'nc.tionegfngisskeer curr\(/ejtu(r)e Sat rt?\fegiigonalefrz]gje?\(rﬂ%%r?gggg?tar?;e ’ %aSkmg of the portions of the Slgnajl in the masker's tempo-
4000 H2. Error bars denoté 1 se of the mean across the four listeners. The ral valleys, produced by the masker’s temporal pe@on
different symbols denote different overall masker levels. and Lee, 1997; Oxenham and Plack, 1098

At the lowest masker level, the fact that thresholds vary
counterintuitive. In most physical filters, bandwidth and o little with masker phase makes it difficult to draw strong
phase response covary. The fact that this seems not to be tR@Nnclusions about whether the phase curvature varies with
case for the mammalian cochlea provides strong constraintgvel. However, it is clear that the failure of othefs.g.,
for models of peripheral auditory processif8hera, 2001p ~ Carlyon and Datta, 1997to find large phase effects at low
The present experiment was designed to examine whethégvels was not due to simply the wrong choice of phases.

the same level invariance could be found for the phase cufhstead, it appears that the reduction in phase effects at low
vature in human auditory filters. levels may indeed be a consequence of reduced peripheral

compression and/or narrow filter bandwidth. Where masking
minima are apparent in the lower masker-level conditions,
they appear to occur at the sai@evalues as at the highest
The stimuli and procedures were the same as in experimasker level. This suggests that phase curvature does not
ment 1 unless otherwise stated. The masker bandwidth agajary greatly with stimulus level. This is consistent with the
extended from 0.4 to 1f§. The maskeffy was 25, 50, and  findings from impulse responses of auditory-nerve fibers
100 for signal frequencies of 250, 1000, and 4000, respeqCarneyet al, 1999 and from direct measurements of BM
tively. Each masker was presented at overall levels of 40, 6Gesponsdde Boer and Nuttall, 1997; Recit al, 1998.
and 85 dB SPL. At 250 HZ, this Corresponded to a masker One caveat should be borne in mind when Comparing
component level 11.1 dB lower than the overall level; atthese data to those from physiological studies. As with stud-
4000 Hz, this difference was 16.7 dB. Equatidnwas used jes of auditory-filter shape, we assume for simplicity that the
to generate the phases of the masker components, With yse of a single frequency corresponds to estimating the re-
values 0f2 1, 0, 0.125, 0.25, 0.5, 0.75, and 1 tested. In pilotsponse of a single CF region. However, due to the basal shift
tests, it was noticed that distortion products became audiblgf the peak of the BM traveling wave at high levels, it is
for the hlgheSt masker level at 4000 Hz. For this reason, ﬁke|y that the p|ace maxima”y stimulated by a given fre-
low-pass Gaussian white noise with a cutoff frequency ofquency shifts somewhat with level. Consistent with all pre-
1200 Hz was added to all the 4000-Hz maskers at a spectrufious auditory-filter studies, however, we assume that the
level 15 dB below the average spectrum level of the maskegffects of this are of second-order importance. If the accu-
This was sufficient to mask any audible distortion prOdUCtSfacy of our phase measurements warranted |'[' it would be a
Four female listeners aged between 20 and 43 were paid f@g|atively trivial matter to take the assumed shifts of the trav-

their participation in this experiment. Or@C) had taken  eling wave into account by altering the signal frequency ac-
part in experiment 1. The other three were given at least 2 Bordingly.

practice before data were collected. Their hearing was nor-
mal as defined in experiment 1. Each threshold reported iﬁ/_ ESTIMATING THE PHASE CURVATURE OF THE
the mean of at least three threshold estimates. If after threRUDITORY EILTERS

estimates the standard deviation was greater than 4 dB, a
further three measurements were made and the mean of ?II
six estimates was recorded. ro
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A. Methods

Under the assumptions discussed in Sec. Il B, the data
m these experiments can be used to estimate the phase
curvature of the auditory system at octave frequencies be-
tween 125 and 8000 Hz. Specifically, it is assumed that the
phase curvature in the passband of the auditory filter is equal

The mean results are shown in Fig. 6. The error barand opposite to that of the masker at the point of minimum
represend 1 standard error of the mean. As the signal levelsmasking. The same technique was used by Lentz and Leek
used in this experiment cover a very wide range in terms 0f2001). However, they used only one masker bandwidth
dB SPL, Fig. 6 plots signal thresholds relative to masker200—-5000 Hz with one f, (100 H2 and tested signal fre-
component level for ease of comparison. The results werquencies of 1, 2, 3, and 4 kHz.
similar across listeners, both in terms of general trends and The minimumC values(and hence the filter curvatunes
absolute values. It can be seen that relative thresholds amere estimated across listeners and conditions from experi-

B. Results and discussion
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FIG. 7. Data replotted from Fig. 2 with curve fits using a sinusoidal function 7!G- 8. Mean masker phase curvature producing masking minima, as a
with four free parameters per conditips A sin(xd p)1 CJ. The minima function of frequency. Squares and triangles represent estimates using meth-

of the fitted functions were used to estimate the auditory-filter curvature i°dS 1 and 2, respectivelgee the text for detailsThe slope of the dashed
method 2(see the text for detaijls line shows the expected relationship if the auditory filters exhibited scaling

symmetry. The error bars for method 1 represkfitse of the mean and are
shown where they exceed the size of the symbol. For method 2, error bars

: : M could be calculated only for signal frequencies of 250 and 1000 Hz, and in
ment 1 using two methods. Method 1 involved finding @e both cases did not exceed the size of the symbol.

value that produced the lowest masked threshold for each
listener individually in each condition. This value was then

converted into a value of curvature using E2). The mean makes certain assumptions about the form of the ¢at,

of these values for each signal frequency was then used E at it is symmetric about the minimum pojnwhich ma
estimate the curvature of the auditory filter centered at thal y b y

frequency. The number of estimates varied with signal fre_not be justified. Because both methods have their strengths
quency. Specifically, at 125, 500, 2000, 4000, and 8000 Hszmd V\_/eaknesses, the results from both are presented h(_are.
only one condition was tested with four listeners, meaning ~ F19uré 8 shows the masker phase curvatures producing a
that only four estimates of the curvature were available af?@Sking minimum, estimated using methodsgjuares and
each CF. In contrast, at 250 and 1000 Hz, more estimatd®€thod 2(triangles. The estimated phase curvature of the
were ava”ab'e, as thrd%’s were tested, g|v|ng 12 individual auditory filters has the same magnitude as the data shown in
estimates. In the case of the 1000-Hz signal with the 100-H$he figure, but with the opposite sign. The slope of the
fo, C5 1 was chosen as the minimum for all listeners, everdashed line represents the pattern of results that would be
though it is possible that the “true” minimum may have expected if scaling symmetry prevailed throughout the fre-
occurred at a slightly higheC value. Eliminating this point quency range tested. On first inspection, it seems that scaling
did not markedly change the predictions. Overall, the advansymmetry may hold for frequencies above 1000 Hz, but
tage of this method is that it makes no assumptions regardingearly not below. In order to pursue the issue of scaling
the form of the data. The disadvantage is that the estimatesymmetry further, the estimated phase curvatures were trans-
rely only on points around the minimum of the function andformed into dimensionless units by multiplying the curvature
make no use of other data points. ~ (originally in units of rad/H2) by f2/27 (Shera, 2002a
Method 2 involved fitting a function to the mean data in \yhen expressed in this way, for filters with scaling symme-
every condition and calculating tf@value at the minimum ., he resulting quantity should be constant and independent

of thet _fltfjedAfu_ncnond ,IAfnurrt]_ber of r?atht(ajrrt]atlcal _f(;mcuons of CF. The transformed data from Fig. 8 are shown in Fig. 9.
were tried. A sinusoldal function was found 1o provide a Very.ry, o oipqr symbols denote estimates from earlier studies, dis-

good fit to all copdmons: The percentage of variance aC ussed below. For frequencies above 250 Hz, the two meth-
counted for by this function was always greater than 95% .
ds are in reasonably good agreement. At the two lowest

and in most cases was greater than 99%. Examples of the fifs . . . : :
are shown in Fig. 7. The symbols are data replotted from I:ig__requen.ues, however, the estlmgtes differ considerably. It is
2: the curves are the bestittingn a least-squares sense interesting to note that the estimated standard errors for
sinusoidal functions. The functions capture the main trend§'€thod 1 are also greatest at these two frequencies. At 125
of the data. Other less obvious trends are also well describedZ: Z€ro phase curvature is less than 1 standard error below
including, for instance, the divergence of thresholds betweef’® mean from method 1, which is why it is not possible to
the 125- and 250-Hz conditions f@ values greater than 0. plot the lower error bars on these logarithmic axes. The pat-
In cases with more than one condition for a given signaltern of results is in broad agreement with our earlier conclu-
frequency, theC values of the function minima were aver- sion that the phase curvature of the auditory filters may ex-
aged. The main advantage of using a mathematical functiohibit scaling symmetry at CFs from 2 to 8 kHz but departs
is that all the data contribute to estimating the minimumseverely from that pattern below about 1 kHz. However, at
point of the function. The disadvantage is that a functionleast using method 2, there is a trend towards an orderly
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100 L Ty quired to ascertain whether the patterns are indeed similar or
] whether systematic differences between species exist.
Because of the approximate nature of the measure, it is
prudent not to place too much emphasis on the exact values
reported here. In particular, for method 1 the mean phase
curvature values at 125 and 250 Hz are not significantly dif-
ferent from zero. Nevertheless, the finding that the phase
curvature does not scale with CF below about 1000 Hz is
very robust. This departure from scaling at low CFs may be
related to the relative broadening of the magnitude of the

Mean of minima

—/— Fitted minima

Normalized phase curvature
-
T

Koh! h . .
01 F ® [KonmuschandSander | auditory filters at CFs below about 1000 Kez.g., Glasberg
b * Lentz and Leek 1 and Moore, 199D
| X Shera (guinea pig) ]
0.01 —
100 1000 10000

V. SUMMARY
Signal frequency (Hz)

) L . . ) The results provide a first indication of how the phase
FIG. 9. Data from Fig. 8, transformed into dimensionless units by multiply- . . . .
ing by f2/2ar. The filled symbols represent estimates from other studies, a&urve_‘ture of the auditory filters VQI’IES with level an_d charac-
indicated in the legend. teristic frequency(CF) over a wide range. Experiment 1
showed that the phase responses of the auditory filters do not
. . . o . exhibit scaling symmetry at frequencies of 1000 Hz and be-
increase in relgnve curvature with increasing _CF, as showiy,y This is consistent with physiological findings in other
b_y the connecting lines, even at the higher signal freque”r“nammals(Shera, 2001aas is the lack of an effect of overall
cies. _ _ level on estimated phase curvat{&hera, 2001} found in
Itis possible to compare our estimates of phase Curvagyperiment 2. In contrast to findings from auditory-nerve
ture W|th thosg from_ two other_studles in the literature. Con-yata in the catCarneyet al, 1999, however, our data show
verted into dimensionless units, Kohlrausch and Sander'q eyidence for a reversal of phase curvature at very low CFs
(.1995 estimate of auditory-filter phase curvature at 1100 HZpy, humans. It is not clear from our data whether scaling
lies betweer 4.5 and2 6.3 (the mean value is plotted as a gymmetry holds above 1000 Hz. Estimates using method 2
filled circle in Fig. 9. Our estimates o2 8.3 (method 3 and g ggest a shallow but continuing increase in relative phase
27.8 (method 2 at 1000 Hz lie outside that range, but are ¢nature at frequencies of 2 kHz and above, whereas the
within a factor of 2, corresponding to a changedmvalue  ggtimates from method 1 seem to be more constant. It has
from, for instance, 0.25 to 0.5. The range_of masker phasggen argued that the frequency glides found in BM impulse
curvatures used by Lentz and Le€00]) did not extend  yegnonses provide strong constraints for models of cochlear
sufficiently high to provide an accurate estimate of phas‘?nechanics(de Boer and Nuttall, 1997, 2000a, b: Shera,
curvature at 1000 Hz. At 2000 and 4000 Hz, their estimatet14. The present data provide similarly strong constraints
curvatures are arouri8 and2 24 (see the diamonds in Fig. o models of human auditory filtering. Recent simulations
9), which are somewhat below and above our estimates, r&Oxenham and Dau, 20Dhave shown that many of the
spectively. It is not clear what accounts for these discreparijiers currently used to simulate peripheral auditory process-
cies, although they may in part be due to individual d|ﬁ‘er-mg’ such as the gammatofee Boer and Kruidenier, 1990
ences. Also, as the measurement accuracy provided by thjge gammachirp(Irino and Patterson, 1997, 2001or
method is somewhat limited, a discrepancy by a factor of Z5,smission-line modeke.g., Strube, 1985do not exhibit
can probably still be described as within the bounds of meag,¢ phase curvature necessary to predict such data.
surement uncertainty.
A recent analysis of BM and auditory-nerve phase-
response datéShera, 200laallows a cursory quantitative
comparison of our results with BM data from the guinea pig.ACKNOWLEDGMENTS
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