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Harmonic complexes comprised of the same spectral components in either positive-Schroeder
(+Schp or negative-Schroedér-Schy) phasd see Schroeder, IEEE Trans. Inf. Thedf§, 85—-89

(1970] have identical long-term spectra and similar waveform envelopes. However, localized
patterns of basilar-membraf@M) excitation can be quite different in response to these two stimuli.
Measurements in chinchillas showed more moduldigebkiej BM excitation for +Schr than

—Schr complexe$Recio and Rhode, J. Acoust. Soc. A28 2281-22982000]. In the current

study, laser velocimetry was used to examine BM responses at a location tuned to approximately 17
kHz in the basal turn of the guinea-pig cochlea, fe8chr and—Schr complexes with a 203-Hz
fundamental frequency and including 101 equal-amplitude components from 2031 to 22 344 Hz. At
35-dB SPL, +Schr response waveforms showed greater amplitude modulation -t&ohr
responses. With increasing stimulation level, internal modulation decreased for both complexes. To
understand the observed phenomena quantitatively, responsegmedietedon the basis of a
linearized model of the cochlea. Prediction was based on an “indirect impulse response” measured
in the sameanimal. Response waveforms for Schroeder-phase signals were accurately predicted,
provided that the level of the indirect impulse used in prediction closely matched the level of the
Schroeder-phase stimulus. This result confirms that the underlying model, which originally was
developed for noise stimuli, is valid for stimuli that produce completely different response
waveforms. Moreover, it justifies explanation of cochlear filtering., differential treatment of
different frequenciesin terms of a linear system. @003 Acoustical Society of America.

[DOI: 10.1121/1.1580813

PACS numbers: 43.64.Kc, 43.64.BVPS|

I. INTRODUCTION (BM) in test animals, and the results can be used to try to
_ o _ o understand data of psychophysical experiments in humans
Perception and discrimination of auditory stimuli can begng pirds in which the same stimuli were used—but in a
studied with a great variety of signals. Commonly usedgjtferent setting, namely, one involving auditory masking.
classes of stimuli includéthis compilation is not at all ex- Two important properties of cochlear mechanical non-
haustive tone signals, noise signals, impulsive signals, anc1inearity are that response magnitudes show compressive

mult!cor‘r_]ponent S|gn_als. A similar vane_ty of stlmu!|_can be growth and reduced frequency selectivity as input levels in-
applied in research into cochlear function. To facilitate un- . . o
crease. This applies to all classes of stimuli listed above.

derstanding auditory processes, the stimulus signals used g‘ur risinalv. these nonlinear changes in magnitude can. in
both psychophysical and physiological studies are often p_f. gy, h kabl Igtl ﬁ tg the ti N
“synthetic”, i.e., not recorded from natural sounds but gen-speCI Ic cases, have remarkably littie efiect on the timing

erated for a specific purpose properties of the response. Responses of the BM to impulse

In most cases of observing responses of the auditor?t'mu“’ measured at a fixed basal locatiomed to a high
system to these stimulionlinearphenomena in the auditory frequency (e.g., 17 kHz, show almost the same zero-
system play a part, and one goal of hearing research is t§0ssing times for various levels of stimulation. Concur-
bring unity to the description of these effects. In this respectently, the trajectories of the instantaneous frequency with
the methodologies of psychophysics and physiological retime (“glides”) follow the same pattern over a large 80-
search have generally been very different. One of the purdB) input range(de Boer and Nuttall, 1997, 2000; Recio
poses of the present study is to attempt to bring these fieldgt al., 1998; Recio and Rhode, 2000 he upward frequency
closer together. To this aim, very specific stimuli have beerglides in the high-frequency region reflect dispersion in the
used in experiments on movements of the basilar membrarteaveling wave, whereby lower-frequency components of the
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stimulus are traveling faster and arrive at the measuremetitndamental problem in interpreting and unwrapping phase
location sooner than higher frequenci¢Bickles, 1988; values in terms of Eq(l) when signals—stimuli as well as
Shera, 2001 In different terms, the glide phenomenon is responses—are given or acquirednas/eformsThe Appen-
related to negative curvature of response phase with increadix illustrates that the second derivative is preserved in the
ing frequency. Similar frequency glides are present in deunwrapped phase, a most important property in the context
rived impulses responses of auditory-nerve fibers in basajf this paper. It also contains an introduction into the nature
regions(Mgller and Nilsson, 1979; Carnest al,, 1999. of responses to Schroeder-type signals.

In many listening situations these intrinsic frequency  Psychophysically;+Schr stimuli are often found to be
glides in BM response are of little perceptual significanceless effective maskers thanSchr complexes composed of
However, psychophysical results involving “Schroeder-the same harmonic componer{@mith et al, 1986; Kohl-
phase” harmonic complexes indicate an important influenceausch and Sander, 1995; Carlyon and Datta, 1997a,b; Sum-
of this diSperSion on auditory prOCGSSi(@nithet al, 1986; mers and Leek, 1998; Summers, 2000; Oxenham and Dau,
Kohlrausch and Sander, 1995 hese complex stimulus sig- 2001a,b. In effect, pure-tone masked thresholds may differ
nals are periodic and contain a finite number of equalby more than 20-dB betweer Schr and—Schr maskers
amplitude harmonics with phaségs (with n=1,2,3,..) based  wjth identical (long-term magnitude spectra. The common
on the following formula, proposed by Schroed&870: interpretation of these masking differences is that the upward

0,=+mn(n—1)/N,, 1) frquency glide that is inherent in the BM impqlse response

partially compensates for the downward glide in th&chr
whered, is the phase in radians of tmth harmonic andN, ~ complex to produce a more modulatégeakier”) internal
is the total number of harmonics. The quadratic term in Eqresponse pattern for Schr than—Schr stimuli. These high-
(1) causes a non-negative second derivative of the phase; amplitude peaks in the response to thEchr complex alter-
the sequel we will refer tphase curvaturas directly related nate with low-amplitude*quiet” ) periods, where the pres-
to this second derivative. Waveforms of the two Schroederence of an added target signal is readily detected. This results
phase signals used in the present study are plotted in Fig. i) reduced masking effectiveness for thi&chr complex. A
panels(a) and(b); see Sec. Il for more details. Note that the recent physiological study has provided support for this dif-
waveform amplitudes are almost constant. The legend dderence in modulation of the BM response to Schroeder sig-
scribes how much the two waveforms are shifted with re-hals: Recio and Rhod€2000 reported more modulated
spect to the “zero point” in time. The positive-Schroedier ~ (peakiey BM excitation for+Schr than—Schr complexes in
what follows, designated by Schr”) complex is produced chinchillas.
with Eqg. (1) with the “+” sign and each period is observed In the psychophysical studies the difference in masking
to contain a high-to-low frequency glide. The negative-effectiveness betweenSchr versus-Schr complexes varies
Schroeder(designated by “Schr”) complex is produced with level (Carlyon and Datta, 1997a,b; Summers and Leek,
with the “—"sign in Eq. (1), and it is a time-reversed ver- 1998; Summers, 2000This may indicate that the relative
sion of the+Schr complex, each period containing a low-to- peakiness of BM responses produced-bgchr and—Schr
high frequency glide. Panét) of Fig. 1 shows the amplitude complexes may also be level dependent. A number of level-
spectrum of the Schroeder signals. The Appendix describesdependent changes in BM response properties may influence
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the peakiness of responses to these stimuli. In effect, wéRobleset al, 1976; Recio and Rhode, 2000n addition,
know much about how stimulation level influences BM re-responses to pure tones can be predicted very well fiom
sponse properties. With increasing level, the low-frequencylirec) impulse response@e Boer and Nuttall, 20021t is

tail of the frequency response at a fixed BM location growsthe average amplitude of the BM response that is the prime
linearly, while responses near tharacteristic frequency determinant of nonlinearityde Boer and Nuttall, 2000
(CF) grow less than linearlyRhode, 1971; Johnstoret al,, hence, levels have to be matched for optimum results. As
1986; Ruggeroet al, 1997. As a result, a sharply-tuned said earlier, we are studying the relation between responses
bandpass response at low levels gradually turns into & Schroeder stimuli andindirech impulse responses. In
broadly tuned, more or less low-pass response as level irpoint of fact, we will try to predict responses from stimulus
creases. In addition, the frequency producing the largest resignals and impulse responses. If that prediction succeeds,
sponse at a fixed basal BM locati¢the best frequengyBF)  we have the means to explain all our observations and to
shifts downward with increasing level. Both of these changegxtrapolate these and other findings to psychophysics.

lead to an increased influence of frequencies well below CF

on BM responses at high level®lative to frequencies in the 1. DATA ACQUISITION AND PROCESSING

CF region. These level-dependent changes in the magnitude A laser velocimeter was used to examine BM move-

. o Ffents in the basal turn of the cochlea for eight pigmented
envelopes depending on the relative influence of low- versuauinea pigs. The preparation, measurement, and data-

high-frequer](?y components in controliing response mOdUIabrocessing techniques were as described previously by de
fuon. In addition, although the_temporal propertles of BM Boer and Nuttal(1997. Velocities were measured at a loca-
impulse responses are _nearly invariant with level, phase "on tuned to approximately 17—-17.5 kHz at low levels. The
sponses to tqne_s and clicks do show some level depenqen%%stom-designed data presentation and collection hard- and
For frequencies just belO\.N CF, résponses to Igw-!evel Stlmu'koftware operated at a clock frequency of 208 kHz and con-
show phase leads relative to higher-intensity inputs. ‘]usﬁnuously presented écirculan 4096-point data array while

anve ICF’ thel pt‘."‘“e{” |hs rﬁve:sedlar)d |OW-|(ZV6I mgués t?ho‘gimultaneously sampling the BM response. The period of the
r;sasl%igs(;r;je';';ng er?oc(ieer- i;g 2_S'ggm i 96;3”2_ Nt?t "~ generated stimulus as well as of the response signals was
’ ’ ’ ' ? ' ~20 ms. Test stimuli wererSchr and—Schr complexes

tlaglg an_clj_hDoIa(;\',ﬁ 1996; R.ug(]jgertet Ial., |1297; %ed?e; al, with a fundamental frequency of203.1 Hz and were the
8. These differences indicate level-dependent changes i m of 101 equal-amplitude components between 2031 and

the temporal responses to near-CF frequencies which cou 344 Hz: see Fig. 1, pangd). These 101 components were
also have significant effects on BM response envelopes for Bssigned ;;hase vallués basea on the br * —* versions of
rangle 3: S|gnals.t wud ined h tation | g. (1) to produce the waveforms plotted in Fig. 1, par@ls

h the present study we examined how presentation 1evey, (b). The complete 4096-point data array contained four

influences BM responses toSchr and—Schr stimuli at a eriods of the waveform, each corresponding-# ms. Ve-
fixed BM location in guinea pigs. The observed response$ ! '

t into relati ith | osf the BM at ocity responses to pseudorandom noise stimuli and to
were put nto relation withmpulse respons € a +Schr and—Schr complexes were collected over a range of

comparable st!mulus levels. The impulse response of the B'\étimulus levels. Schroeder stimuli were presented at 35, 55,
can be found in two ways. 75, and 95 dB SPL, and noise stimuli at levels from 10 to
(i) With an acoustic impulse as stimul(salled the “di- 100 dB SPL, in steps of 10 dB. All these levels refer to the
rect” impulse respongeand power contained in one octave from 10 to 20 kHgtimuli
(i)  With a wideband flat-spectrum noise stimuligalled  were calibrated with &-in. condenser microphone placed in
the “indirect” impulse response It has been shown an ultrasmall coupler. In earlier experiments we confirmed
by de Boer(1997 that, in view of an extremely gen- the calibrationin situ with a probe microphone at the en-
eral type ofnonlinear model of the cochlgshe “in-  trance of the bony auditory meatus. Analysis and processing
direct” impulse response as determined by mettiod of data were done witwaTLAB ® in conjunction with rou-
is to be preferred for analysis. The indirect impulsetines written inTURBO PASCAL®.
response is found from the cross-correlation function
of input and output signals, and it is this cross-Ill. RESULTS
correlation function that shows the characteristic A

“peakiness” that we associate with an “impulse re-
sponse”(de Boer and Nuttall, 1997 Panel(a) of Fig. 2 shows waveforms of “indirect” im-

pulse responses of the BM for one animal at levels from 40
In a linear system, direct and indirect impulse responseto 100 dB SPL. The curves have been normalized to the
are identical. In that case, the impulse response will allonsame rms amplitude to facilitate comparison of the temporal
accurate prediction of responses to other inputs such as tonesmveforms. Responses have amplitudes that first grow and
and harmonic complexes. Despite nonlinearity in BM re-later decrease with increasing time. As stimulus level in-
sponse properties, measured direct impulse responses hasreases, the later portions of the response become smaller in
shown fairly good agreement with indirect impulse responsesomparison to earlier regions. The zero crossings indicate an
(de Boer and Nuttall, 1997 The same was found for direct oscillation frequency that increases with tirtthe “glide”).
impulse responses computed from BM responses to tondsote the temporal alignment of the oscillations across levels:

“Indirect” impulse responses

296  J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003 Summers et al.: Basilar-membrane responses to multicomponent stimuli
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FIG. 2. Characteristics of “indirect impulse responses.” PdaglWaveforms for various stimulus levels, normalizedrms amplitude. Measured responses

are corrected for the stapes response. Input levels are in dB SPL for the 10—-20 kHz octave. Curves are displaced vertically with respect to Baeelnother.

(b): Amplitude and phase spectra corresponding to the waveforms. Filled symbols show response amplitudes and depict “gain” since data have been
normalized to the stapes velocity at the same stimulus level. Unfilled symbols indicate phase. The 60-dB phase curve was nearly identical tca#@-dB data

is not included in panelb). Note that a linear frequency scale is used in paheto accurately represent the curvature in phase in the CF region.

the locations of the zero crossings are nearly invariant witldelays are associated with high frequencies than low ones. In
level (see the vertical dotted lingsThese temporal patterns the CF region the phase curves show small, but systematic,
are representative of all eight animals. level-dependent changes as detailed in the Introduction. Note

Panel(b) of the figure shows amplitude and phase valueghat a linear frequency scale is used in pabgto accurately
based on Fourier transforms of the waveforms in pdael represent the curvature in phase in the CF region. Wave dis-
Spectral amplitude values have been normalized with respegpiersion, which is the cause of frequency-to-place mapping in
to the stapes respons@ken at the same stimulus levw  the cochlea, shows up in the form of phase curvature—on
that the ordinate depicts cochlear gain. The amplitude of théoth a logarithmic and a linear frequency scale.
frequency response shows fairly narrow tuning at low levels
with a characteristic frequenc§CF) of about 17 kHz. As B R o h . |
reported in many previous studies, the amplitude curves" €Sponses 1o harmonic complexes
show “tip” and “tail” regions which respond differently to Figure 3 shows typical response waveforms, measured
level variation. The boundary between these regions is abowdt a medium stimulus level55 dB), for a +Schr and a
half an octave below CF, i.e., around 12 to 13 kHz. For low—Schr stimulus for one animal. The abscissa covers the most
frequencies, the response is linear with stimulus amplitudeinteresting part of the response, over 3 ms. The legend tells
and, consequently, the curves overlap. At higher levels theow much the waveforms are shifted in time. The data are
response for high frequencies is compresgiveraries less normalized to the same rms value. The 3-ms temporal inter-
than linearly with stimulus amplitude As the level in- val allows inspection of the frequency glides with time. The
creases, the amplitude in the tip region thus diminishes rela+Schr respons¢upper waveform has a high-to-low glide,
tive to that at lower frequencies, tuning broadens, and thin the same direction as the stimulus sighedmpare Fig.
amplitude peak(at the best frequengyor BF) moves to a  1(a)]. In contrast, the response to theSchr stimuluglower
lower frequency. waveform has a low-to-high glid¢compare Fig. (b)].

In contrast to the amplitude curves, the phase curves are Figure 4 shows data in a form emphasizing ¢émeelope
fairly similar across stimulus levels. In detail, the phaseover a range of stimulus intensities. The envelope was deter-
curves also show evidence of different patterns in tip and taimined from an expansion to ttanalytic signalof all wave-
regions. In the tail regioribelow around 13 kHz phase forms. In each panel the responses are shown normalized to
change is approximately linear with frequency, signifying athe same rms value The left-hand and middle columns show
constant delay. Here, the phase curves for different stimuluBM responses to the two harmonic complexes at stimulus
levels almost perfectly overlap. At higher frequencies, phaséevels of 35, 55, 75, and 95 dB SPL. The right-hand column
values have an increasing negative sldipe, negative cur- shows indirect impulse responses at similar levels. In each
vature with increasing frequency. This indicates that greatempanel of the figure, one full periog~5 ms is shown.
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FIG. 3. Examples of response wave-
forms for Schroeder-phase stimuli.

Stimulus level: 55 dB SPL in the oc-

tave from 10 to 20 kHz. Responses
normalized to equivalent rms ampli-

tude. Positive Schroeder response is
plotted above negative Schroeder re-
sponse, which has been shifted over 3
ms to the left.

Indirect impulses responses become peakier and resonsistent with previously reported BM displacement data

sponse peaks move earlier with increasing level. Theséor chinchillas(Recio and Rhode, 2000Although response
changes are consistent with a greater influence of lowenvelopes fort+Schr and—Schr stimuli differ(at low input
frequency parts of the input on BM responses at high leveldevels in particulay, responses are similar in overall energy.
(see the Introduction and Fig.).2That is, given that low That is, rms values of responses to the two stintati a
frequencies propagate more rapidly and less dispersivelgonstant input levélare nearly equivalent. This differs from
than higher frequencies, peakier and earlier impulse rethe earlier work involving chinchillas where responses to
sponses should occur with increasing level as low-frequency-Schr stimuli had higher rms valug®Recio and Rhode,

portions of the impulse come to dominate the internal re-2000.

sponse. The stimulus- and level-dependent changes in BM re-
At low levels, +Schr stimuli produce peakier BM re- sponse envelopes shown in Figs. 3 and 4 were present for all

sponse patterns thanSchr stimuli. As level increases, both eight animals. Figure 5 shows results for another animal,

responses are showing less and less peakiness, butStler  organized in the same way as Fig. 4. As can be seen in both

response shows this effect more clearly. These results afeyures, responses to the Schroeder-phase stimuli often have

Experiment 19916
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298

35d8

Negative Schroeder

35d8

55 d8B

55dB

++

. 75dB

75dB ‘

Time (ms)

Time (ms)

J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003

‘Indirect’ impulse

40 dB

60 dB

Time (ms)

FIG. 4. Envelopes of responses to
Schroeder signals and indirect impulse
responses. Left panel: responses to
positive Schroeder(+Schp signals,
for four different stimulus levels. Cen-
ter panel: responses to negative
Schroeder (—Schpy signals, for the
same levels. These responses have
been shifted by 4.25 ms to the left.
Right panel: indirect impulse re-
sponses at four levels. Note that the
responses becomeider with increas-
ing stimulus level for the two
Schroeder-phase signals while the im-
pulse response narrows. In addition,
the +Schr response shows a steady in-
crease in the latency of its peak as
level increases while, for both the
—Schr and the indirect impulse re-
sponse, response peaks move earlier
with level (see the text

Summers et al.: Basilar-membrane responses to multicomponent stimuli
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the form of “spindles” of which the slowly decaying part predict responses to other inputs well. To examine the accu-

points to the right(i.e., follows the response peafor re-
sponses te-Schr signals, and to the lgfpreceding the peak

racy of predictionmeasuredesponses ta-Schr and—Schr
stimuli are to be compared foredictedresponses based on

for responses to-Schr signals. Note that the relative ampli- the indirect impulse response data. Predicted responses are
tude of this slowly decaying part of the response steadilydetermined by filtering the stimulus waveforms using filter

increases with input level, particularly for theSchr stimu-
lus. Thus, with increasing level, the response to thechr

characteristics derived from indirect impulse responses. The
first issue to address is to ass#%s most appropriate stimu-

stimulus is more and more “filled up” within a period. Re- lus levelfor the impulse response. Let us assume that in the

sponses to the-Schr stimuli also show some of this “fill-

cochlea, outer hair cell®©HCg produce a place-frequency-

ing” with level, but more nearly retain their low-level pat- specific enhancement of the response and that physiologic

tern, a peak region followed by a long period of “silence.’

" saturation in OHCs is thésole cause of cochlear nonlinear-

Input level also influences the temporal locations of the reity. In de Boer and Nuttal{2000, it is shown that the shape
sponse peaks. Similar to the pattern just described, the pealf the indirect impulse response is fairly accurately deter-

moves to the right for+Schr stimuli and to the left for
—Schr complexes.

mined by theaverage degree of saturatiasf OHCs for the
noise stimulus employed. In the paper cited, the correspon-

The level-dependent changes in the response patterns fdence is shown for noise stimuli and indirect impulse re-
the +Schr and—Schr stimuli(peak shifts and filling on one sponses, in fact, for stimuli and responses that are regular in
side of the peakare again consistent with a greater influencethe stochastic sense, and certainly not peaky in their wave-
of the low-frequency parts of the input on responses as levelorms. For such stimuli the average degree of saturation di-
increase(recall that the low-frequency parts of the stimulus rectly depends on the level of the stimulus, and on nothing

signal occur late within each period for theSchr stimuli

and early for the—Schr complexes The peak shifts and

else. The close correspondence between direct and indirect
impulse responses, mentioned in the Introduction, indicates

partial filling of the response period with level are among thethat the stimulus or the response being peaky or nonpeaky is
effects that should be captured by the level-dependentot an important condition. In a recent paper, de Boer and

changes in the indirect impulse respongEg). 2) in order

Nuttall (2002 have shown that the correspondence is also

for predictions based on the impulse data to provide a clostue for tones versus noise. That the stimulus has a narrow
match to measured responses for the Schroeder-phaspectrum is, therefore, not a constraint either. For all these

stimuli. This modeling is described next.

IV. PREDICTION OF RESPONSES TO HARMONIC
STIMULI

reasons, we may expect that response prediction will also
work in the case of Schroeder stimuli.

Prediction is carried out by convolving the stimulus
waveform with the appropriate indirect impulse response. A
point to be noted is that our indirect impulse responses are

In a linear system, the impulse response is invariant wittcompensated for the response of the stapes. The same has to
input level and allows accurate prediction of responses tte done for the measured responses to Schroeder stimuli,
arbitrary stimuli. In the nonlinear cochlea, indirect impulse otherwise, the prediction will not work. The upper portion of
responses show large changes in magnitude spectra afih. 6 showsmeasuredand predictedresponse waveforms
small changes in phase with level, and may not necessarilior a 35 dB SPL+Schr stimulus and the lower part of the

J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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Experiment 20026: Positive Schroeder

Measured response
Stimuius ievei: 35 dB

Predicted response

Impulse-response level used: 40 dB FIG. 6. Typical measured BM re-

sponses to a positive Schroeder stimu-
lus and predicted response waveform
for that signal based on indirect im-

pulse responses. Upper waveform pair
shows measured and predicted re-
sponses at low stimulus level; lower
pair shows high stimulus level. Note

the fairly accurate reproduction of en-

velope waveform and frequency glide.

Velocity (arbitr. units)

Measured response
Stimuius ilevel: 75 dB

Predicted response
Impulse-response level used: 80 dB

1
0 05 1 15 2 25 3
Time (ms)

figure shows the same data for a 75 dB SPL stimulus. Thé the panels varies from 35 to 95 dB SPL, in steps of 20 dB.
presentation levels for Schroeder stimuli and noise arén the horizontal direction it is the stimulus level of the in-
closely matched, assuming that this leads to a similar avedirect impulse response with which the response is predicted
age degree of saturation. Note that the abscissa scale hidmt is varying, and this level varies in steps of 10 dB. Along
been shortened to go from 0 to 3 ms. It is clear that measuretvo of the rising diagonals of the figuféhe one beginning in
and predicted responses are very similar: Pearson correlatidhe lower left-hand corner and the one immediately to its
coefficients between measured and predicted waveforms faight) the impulse level used in prediction differs by only 5
both the 35- and 75-dB responses are approximately 0.96.dB from the actual response level. The remaining diagonals
Figure 6 shows details of both envelope and fine strucinvolve differences of 15, 25, or 35 dB between the indirect
ture of the measured and predicted waveforms. A Lissajousnpulse (predictoy and the response level. In each panel,
figure, in which all values from the predicted response wavewaveform values from actual responses are plotted as a func-
form are plotted against corresponding values in the meaion of predicted values; a 45-degree line within a given
sured response, gives a second view of the relation betwegranel would represent perfect prediction. Pearsoralues
measured and predicted signals. Figure 7 shows a set of sucbrrelating predicted and actual values are shown in each
Lissajous figures. In the vertical direction, the stimulus levelpanel. In general, correlations were high0.9) when pre-

Experiment 19916: Positive Schroeder

FIG. 7. (Experiment 19916 Mea-
sured and predicted responses for
100 predicting 95 positive Schroeder stimuli. Lissajous

3 figures of predicted respongleorizon-
tal) versus measured respongerti-
cal). All signals are normalized with
respect to 1.05 times their maximal
values and the scales go froml to
+1. In one row, predictions are done
with different stimulus levels of the
(indirect impulse response, and the
stimulus level of the response is con-
stant. The abscissa label of every panel
tells the level of the impulse response
used for prediction, and the level of
the response to be predicted. All levels
are in dB SPL between 10 and 20 kHz.

i r=40.9
B0 predicling 75 70 predicting 75

/ r=097 £ r=092
40 predicting 55 50 predicting 55 60 predicting 55 70 predicting 55
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Experiment 20026: Positive Schroeder

¥ r=0.65 2
60 predicting 95 70 predicting 95 80 predicting 95 90 predicting 95 100 predicting 95

%", F

FIG. 8. (Experiment 20026 Mea-
sured and predicted responses to
positive Schroeder stimuli. Layout as
Fig. 7.

r=0.96
70 predicting 75

r=0.96
80 predicting 75

r=0.98

g r= = 2o
40 predicting 55 50 predicting 55 60 predicting 55

r=0.96 | & r=0.9 |

r=

f 4 £ r=
30 predicting 35 40 predicting 35 50 predicting 35 60 predicting 35 70 predicting 35

dictions and measured responses were closely matched ia Schroeder-type stimuli are complex and subtle. On the
level, and were found to decrease steadily as the differencether hand, a “narrow” Lissajous figure means that varia-
in level between the impulse and harmonic stimuli increasedtions in envelope are simulated well. We also verified that,
As suggested by the high Pearson correlation coefficienteherever the Lissajous figures are narrow, the intrinsic fre-
along the two central diagonals of Fig. 7, and as directlyquency modulation of the waveforthe glide is well pre-
indicated by the measured and predicted responses showndlicted. This means that the fine structure is preserved, too.
Fig. 6, the prediction procedure accurately recovered botlrigure 8 shows Lissajous figures for another experiment.
the peak shifts and increased filling of the response periodcross experiments, Lissajous figures tended to show the
with increasing level. best correspondence when predictor and response levels dif-
It should be realized that a correlation coefficient is notfered by only 5 dB. Figures 7 and 8 show predictions and
necessarily the best descriptor of the similarity in shape ofmneasured responses toSchr stimuli. Figure 9 shows an
two waveforms because it intrinsically weighs the larger am-example of predictions for-Schr signals. Since it is similar
plitudes quadratically. Obviously, the variations in responseo the earlier figures and does not lead to different conclu-

Experiment 19916: Negative Schroeder

r=90.72

Y r=0.95
60 predicting 95

80 predicting 95 90 predicting 95 100 predicting 95

&  r=096

4 FIG. 9. (Experiment 19916 Mea-
60 predicting 75 70 predicting 75 80 predicting 75 90 predicting 75 sured and predicted responses for
negative Schroeder stimuli. Layout as
Fig. 7.

r=0.96 |4 r=097 &7 r-092 & r-076
50 predicting 55 60 predicting 55 70 predicting 55 80 predicting 55

r=0.96 r=0.94 r=0.92 r=0.88 r=0.79
30 predicting 35 40 prediciing 35 50 predicting 35 60 predicting 35 70 predicting 35

negative Schroeder
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sions, we refrain from presenting figures feiSchr signals lus levels, where the response has a sharp spectrum centered

for other experiments. at the CF, the phase modification will be large. This situation
is depicted by the thin curve in the upper panel of Fig. 11, the
V. DISCUSSION positive phase curvature @diminishedlocally, i.e., in the

. . frequency region of the pedkhe thick bar on the abscigsa
In the present study, BM velocity response envelopes in For —Schr stimulilower panel, Fig. 11at low stimulus

guinea pigs were peakier for Schr than—Schr complexes, levels the effect on the response phase isthancethe

par'tlcularly "?‘t low input levelgsee Figs. 4 and)SAs de- curvature in that frequency region. Figure 12 of the Appen-
scribed earlier, peaky responses t&chr complexes are .
dix shows prototype waveforms for these two cases. In both

consistent with(partia) cancellation of the high-to-low fre- _ .
. . . . figures the curvature of the phase is taken as constant. In the
quency glide of thet+Schr signal(or equivalently, positive o o .
upper waveform it is small and positive, and in the lower

curvature in the stimulus phase struciubg the low-to-high waveform, large and negative. In the construction of that

frequency glide(or negative curvature in response phase figure the amplitude spectra were stylizéme the legend

inherent to basal cochlear mechanics. The indirect impuISﬁ1
o ey were not meant to correspond to cochlear responses.
responses allowed accurate prediction of responses to ttﬁ

two Schroeder-phase complexes over a 60 dB input rang evertheless, an important property can be deduced from the

The results of this analysis are discussed more fully belo igure, a property that can also be _dlS(.:er_ned n e_lctual re-
along with a consideration of how spatial dispersion of fre_éppnses. That property is the following: signals with a re-
guencies during traveling-wave propagation may account fo?tr":teOI spectrum ?nd. mrg? phase curvaturg have Ia_ng
certain aspects of the data, and some implications of thes\gaveform (a long “spindle”). Conversely, signals with a

data for previously reported psychophysical results. small ph‘.”‘se curyature havemortwav_eform.
At higher stimulus levels the region of large phase cur-

A. Predicting response to Schroeder-phase vature in the response becomes less important so that the
complexes based on indirect impulse data curvature due to the Schroeder stimulus signal dominates the

At low stimulation levels, prediction of responses is fesponse phase. Consequently, the response waveforms tend
straightforward since we may assume the cochlea to be op© show the character of the prototype response of the lower
erating linearly. We have employed exactly the same techwaveform in Fig. 12. The fact that the actual spectrum of the
nique for prediction at higher stimulus levels, with the only response is not the stylized one used for that particular figure
modification that the cochlear transfer function is taken fromcauses the spindles of both the measured and predicted re-
the indirect impulse response determined at an appropria@Ponses to deviate from the prototypes. Hence, the pro-
stimulus level. The predictions proved to be quite good, afounced effects of stimulus level. In particular, with increas-
least when levels were closely matched. Lissajous figureg level, BM responses decrease less in modulation for
demonstrate the agreement clearly. We verified in a separateSchr than for+Schr stimuli. This reasoning also shows
test that not only the envelope modulation of the response ihy the predictions depicted by the Lissajous figures fail
predicted well but also the fine structure. The reason whyvhen the level difference is large. In that case the weighting
Lissajous figures are not all like straight lines probably liesof the spectral components is way off, and a good prediction
in slow variations of the phase that are not captured in th@annot be reached. The Lissajous procedure is very sensitive
prediction. The nonlinear processes in the cochlea apparenti this respect.
do not contain subprocesses that are strongly frequency de- Actually, even at low levels the compensation of the
pendent, or are disrupting temporal relations, and we ar&chroeder phase curvature is not complete because the nar-
fully justified in continuing an analysis as if the cochlea isrowest indirect impulse responses in Figs. 4 and 5 are
linear at any one level as we employed in the experimentgeeakier than the-Schr responses. It may be asked: are these
The fundamental concept underlying the use of noise stimulindirect impulse responses the peakiest possible responses in
and spectral analysis in a nonlinear system as the cochlea li#se cochlea? The answer is no. It is possible to construct a
in the EQ-NL theorem(de Boer, 199Y. This theorem pre- hypothetical stimulus that precisely compensates for the co-
scribes the conditions to be met by the system for this quaehlear glide. For this purpose tlzenplitudefrequency spec-
silinear analysis to be justified. As far as we know, the cotrum of a Schroeder stimulus is taken as the spectral ampli-
chlea can well be modeled by such a system. tude [see Fig. 1c)]. This amplitude is endowed with the

Consider Fig. 11 in the Appendix. Thick lines in the two opposite of the phase spectrum of the indirect impulse re-
panels of the figure show the course of thenwrappedd  sponse. The resulting signal is noncausa., nonzero por-
phase for a positive and a negative Schroeder stimulus, réions of the signal precede time zgréf such a signal could
spectively. The figure shows that the sampling of frequenciebe presented to the cochlea, the respaofaso noncausal
and the unwrapping of phase that have taken place do netould have a constant phase for all component frequencies
disrupt the size and polarity of the phase curvatftine sec- involved. Figure 10 shows a typical high-level indirect im-
ond derivative. The phase of the cochlear transfer functionpulse response and the predictedtificial responseto the
has to be added to the phase of the stimulus and this summégpothetical stimulus. The latter response is the peakiest that
phase function always has a negative curvature. That curvaould ever be obtained in this cochlear region, given the
ture is largest in the frequency region of the response pealkamplitudes in the frequency spectrdrithe effective dura-
Hence, its effect on the response will be large whenever thaton of even the peakiest impulse response of the cochlea is
frequency region is important. In other words, at low stimu-larger than the duration of this hypothetical response.
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- Experiment 19917

i Indirect impulse response,

3 Stimulus fevel 100 dB
™ FIG. 10. The “narrowest response of
= the cochlea.” Upper waveform: high-
% B level indirect impulse respongstimu-
= lus level 100 dB SPL for the 10-20
'.é o kHz octave band Lower waveform:
s an artificial response derived from a
21 Artificial response spectrum of which the amplitude is the
'g product of the spectral amplitude of a
< Spectral amplitude as in Schroeder signals Schroeder-type signal and the ampli-
> | tude of the correspondinghigh-leve)

Phase compensated cochlear transfer function, and the
phase is zero.
| | | | | |
-1 -05 0 05 1 1.5 2
Time (ms)

B. Effects of traveling wave dispersion on response ginning about half an octave below CRHowever, in the
envelopes low-frequency (tail) region, phase plots—on a linear fre-

The reasoning contained in the preceding paragraphs f&Uency scale—show little or no curvature, consis'tent vyith
cuses on the frequency domain and how phase curvature fhe notion that these frequencies propagate nondispersively
the stimulus spectrum and the BM transfer functias de- (at a similar rate for all frequencigdVith increases in level,
rived from the indirect impulse responseombine to influ-  linear response growth in low-frequendstail” ) regions
ence the shape of the measured response. The origin of phac@mPined with compressivé.e., less than lineagrowth in
curvature in the intrinsic BM response appears to ligisy ~ Ngh-frequency “tips” leads to a lowering of the BF and an
persionof waves traveling in the cochlea. Spatial dispersion"cr€ase in the relative influence of tail regions on the overall
can be understood in terms of(mechanical model of the '€SPonse. Given that components with low frequencies
cochlea. Such a model generally has the shape of an eloRfoPagate at a nearly constant rate, they arrive essentially
gated cavity filled with fluid. The fluid has two outlets, the Unchanged at the measurement locatierth the exception
round window and the oval windowin which the stapes pf some added, constant.de]ay\Iow, consider the changes
fits). The fluid column is divided into two parts separated byl '€sponse envelopes with level shown for the Schroeder-
the “cochlear partition,” a long structure representing thePhase signals and th_e indirect impulse responses in Figs. 4
mechanics of the basilar membrane and the organ of Corti. |Nd . In €ach experiment and for all three stimulus types,
the model dispersion arises, first, from inhomogeneity of théCreases in level lead to response envelopes that more and
mechanics of the cochlear partitiéde Boer, 1996, Sec)4 More closely resemble the envelopes of the extefrain-

and, second, from hydromechanical properties of the fluidirectly modeledl input stimuli. That is, response envelopes
wave. That wave starts out at the stapes as a “long” oecome flatter for the two Schroeder-phase signals, and

“shallow-channel” wave(the wavelength is large compared peakier(more impulsive in the case of the indirect impulse
to the cross-sectional diameter of the fluid chapnehd daf@& _ _ o
gradually turns into a “short” or “deep-channel” wavéhe Nordispersive propagation of low frequencies is found
wavelength is becoming shorter and shorter until it is shor{" the @pex of the cochlea where phase by frequency plots for
compared to the cross-sectional diameter of the fluid charl®W-fréquency components approximate straight lines, indi-
nel). A more detailed description of the latter process can b&2ting propagation delays which are independent of fre-
found in Patuzz{1996 and a theoretical account in de Boer dueéncy. Consequently, in the apex, the low-to-high frequency
(1996, Sec. b The net result of these processes is that low-9/lde present in basal regions is not obser¢&thode and
frequency waves travel faster and arrive earlier at the peaf@0Pe", 1996; Khanna and Hao, 1999; Hemmeel, 2000;
region than high-frequency wavéShera, 2001 This ap- 4NN etal, 2000.

plies in particular to the basal part of the cochlea. The im-

mediate consequence of this dispersion is found in pha
curvature in the frequency domain.

The phase results derived from the indirect impulse data  In psychophysical experiments; Schr complexes are
(Sec. Il A) agree with response measures reported by othersften less effective maskers than correspondi®&chr com-
(Sellick et al,, 1983; Ruggerat al, 1997 in showing clear plexes (Smith et al, 1986; Kohlrausch and Sander, 1995;
evidence of negative phase curvature in the tip redglm  Carlyon and Datta, 1997a,b; Summers and Leek, 1998; Sum-

38. Implication for psychophysics
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mers, 2000; Oxenham and Dau, 200)aeginning with  private views of the authors and are not to be construed as
Smithet al. (1986, these masking differences have been in-official or as reflecting the views of the Department of the
terpreted as being linked to the envelope characteristics gkrmy or the Department of Defense.

BM responses to the two maskers and the idea that a more

modulatedpeakiej internal response will be produced by an

appropriately selected+-Schr complex than by a time- AppENDIX: UNWRAPPING THE PHASE

reversed(—Schp version of that stimulus. By these ac- o SCHROEDER SIGNALS

counts, reduced masking effectiveness fdBchr stimuli is

due to probe signal detection during low-amplittiguiet” ) Equation(1) leads to phase values that eventually ex-
regions between brief high-amplitude peaks in the internateed the limits—7 and + = so that every phase value has to
response to this masker. These differences in the intern&le “unwrapped” in order to be interpreted. Take, for ex-
response envelopes forSchr and—Schr complexes have ample, the+Schr stimulusN, equal to 100, ana equal to
now been verified physiologically, both in chinchilltRecio  10. The phase is 078 and for the next value af it crosses
and Rhode, 200(and guinea pigépresent data In addition,  the = boundary and becomes Zlwhich is equivalent to
the present data show that the modulation differences in BM-0.97. In the experiments it is th@aveformof stimulus and
responses terSchr and—Schr stimuli are reduced at high response that is recorded, and we wish to derive the relation
presentation levels where the influence of curvature in théetween these two by using the frequespgctrum For this

BM phase response is reduced, particularly in the BF regiorpurpose we apply a Fourier transform to the stimulus and to
Greater similarity of response envelopes for the two stimulithe recorded waveforms. In the Fourier spectra of the re-
at high levels is also consistent with the masking literaturecorded signals all phase values then appear within the limits

the effectiveness of Schr and—Schr maskers is very simi- —m and+r, and the phase functions have to be unwrapped.
lar at high presentation levekSummers and Leek, 1998; This unwrapping has to be done in such a way that for the
Summers, 2000 stimulussignal the phase function appednsore or lessin

The masking results cited in the previous paragraph althe form of Eq.(1), and that a similar form of a monotoni-
involved human listeners. To our knowledge, other mammacally increasing or decreasing function of frequency appears
lian species have not been tested psychophysically witfor theresponsghase. Unfortunately, this cannot be done in
Schroeder-phas@r closely relatefimaskers. However, sev- the ideal way. Figure 11 illustrates the result of the unwrap-
eral species of birds have been tested and show very differeptng procedure for typical signals used in the present work.
results from humanglLeek et al, 2000; Dooling et al,  Consider pane{a). Thethick curveis the unwrapped phase
2007). In three different avian species,Schr maskers were curve for the+Schr stimulus. For frequencies below 10 kHz
as effective, or slightly more effective, thanSchr com- this curve follows the form of Eq(l), but above that fre-
plexes. These results suggest that the negative phase curguency the slope of the function suddenly becomes negative.
ture in the BM response observed in mammals may not bé fact, above that frequency the indexs higher than 50,
present in birds. Although data on BM response in birds aréhe quantum steps in the original phase function are larger
limited, Gummeret al. (1987 reported results indicating than, and the unwrapping routine is unable to follow them
slight positivecurvature in BM phase response for pigeons. and to reconstruct the original phase function accurately. Ac-

The current results demonstrate clear differences in BMually, with every next step of the indexone step of zr is
response envelopes farSchr and—Schr complexes com- missed in the unwrapped phase, and the result of unwrapping
posed of identical harmonic components and with extremelys a function with negative slope. Note, however, that the
similar (very flah external envelopes. Negative curvature insecond derivativef the phase function is not affectédith
the intrinsic BM phase response tends to partially cancel théhe exception of one point just prior to where the function
positive phase curvature afSchr stimuli, producing greater reverses direction Why this is so needs some explanation.
modulation in the BM response than is seen feBchr  To form the second derivativéhreesuccessive phase values
stimuli. Responses to the two complexes become increa$¥d:,6.,03) are needed. The first and the third are added, and
ingly similar as input level increases. The results point out aiwo times the central one is subtracted. That in each step of
aspect of cochlear nonlinearity which has previously rethe indexn an additional step of 2 is missed does not in-
ceived little attention. That is, as levels increase, phase cuffuence the result for the second derivative. That is, Xor
vature in the BF region tends to decrease dramatically. Our0,1,2,3,...,
results show how the level-dependent changes in response _ —(p _ (. _
characteristics for the Schroeder-phase stimuli are directly 017261 65=(6,~2m(x)) (6~ 2m(x+1))
related to and can be determined quantitatively from co- +(03—2m(x+2)).

chlear nonlinearity. Therefore, the second derivative, i.e., tharvature of the

phase, is retained. Thenin curve in panel (a) shows the
result of unwrapping the phase of a typical response signal.
ACKNOWLEDGMENTS This curve confirms that the second derivative is not materi-
ally affected by the unavoidable errors in the data. Pénel
This research was supported by grants from the Nationadf Fig. 11,thick curve shows the corresponding situation for
Institutes of Health(NIDCD-DC-03553 and NIDCD-DC- the —Schr stimulus. Thethin line shows the unwrapped
00141. The opinions or assertions contained herein are thehase for a typical experiment, and, again, the unwrapping
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routine is accurate enough to reveal the true estimate of theomes larger in magnitude in the peak region when the phase
phase curvature. of the cochlear transfer function is added.

In Sec. IV it is shown that prediction of responses as if Figure 12 illustrates the influence of phase curvature in
the cochlea is a linear device is pretty accurate. In terms athe (linean frequency domain on the temporal waveform.
complex spectra, the spectrum of the stimulus signal is simThe figure shows waveforms of signals with a restricted
ply multiplied by the cochlear transfer function—which is spectrum(see the legendand phase values that are quadratic
the spectrum of the cochleéindirect impulse response. In functions of frequency. In the waveform plotted in the upper
this multiplication the phase values are added, and so are thportion of the figure, the phase curvature over the entire fre-
second derivatives. Consider pat@l of Fig. 11 again. The quency range is small and positifeorresponding to the
phase curvature of the spectrum corresponding to the insituation in the peak region of pané@) of Fig. 11)]. The
pulse response is negative in the peak region but smaller iwaveform has a negativielownward glide and a short du-
magnitude than the positive one corresponding to the stimuration, i.e., it is “peaky,” as we call it in the main text. In
lus. Hence, the resulting response phase still has a positiveontrast, phase curvature for the waveform in the lower part
curvature but it is smaller than that of the stimulus, and theof the figure is negative, constant, but four times largee
curvature is smallest in the peak region. Paib¢lshows the the legendl Consequently, the waveform has a long duration.
corresponding situation for & Schr signal. In this case the Furthermore, it has a positiv@pward glide. Note the typi-
stimulus signal has negative phase curvature and this beal “spindle” form of the two waveform envelopes; note also

FIG. 12. Waveforms of bandlimited
signals of which the phasg(f) of the
components is a quadratic function of
frequencyf. The spectrum is restricted
from 2.5 to 22.5 kHz, has constant am-
plitude, but the outer edges are
i rounded off. Upper waveform: signal
with a positive sign in the phase func-
i tion. Phase followsapart from a delay
term): o(f)=+(f/(100f,))?, where
i fy, is the sampling frequency208
kHz). Lower waveform: signal with
i positive sign in the phase function; the
coefficient of the quadratic term is
v four times larger than in panéd), the
. phase follows: o(f)=— (f/(50f,))>.
i large negative phase curvature Note the inversion of the glide in the
waveform, and of the direction of the
3 spindle.

0 0.5 1 15 2 25 3
Time (ms)

small positive phase curvature

Velocity (normalized)
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