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This paper tests key predictions of the ‘‘two-mechanism model’’ for the generation of
distortion-product otoacoustic emissions~DPOAEs!. The two-mechanism model asserts that
lower-sideband DPOAEs constitute a mixture of emissions arising not simply from two distinct
cochlear locations~as is now well established! but, more importantly, by two fundamentally
different mechanisms: nonlinear distortion induced by the traveling wave and linear coherent
reflection off pre-existing micromechanical impedance perturbations. The model predicts that~1!
DPOAEs evoked by frequency-scaled stimuli~e.g., at fixedf 2 / f 1! can be unmixed into putative
distortion- and reflection-source components with the frequency dependence of their phases
consistent with the presumed mechanisms of generation;~2! The putative reflection-source
component of the total DPOAE closely matches the reflection-source emission~e.g., low level
stimulus-frequency emission! measured at the same frequency under similar conditions. These
predictions were tested by unmixing DPOAEs into components using two completely different
methods:~a! selective suppression of the putative reflection source using a third tone near the
distortion-product frequency and~b! spectral smoothing~or, equivalently, time-domain windowing!.
Although the two methods unmix in very different ways, they yield similar DPOAE components.
The properties of the two DPOAE components are consistent with the predictions of the

two-mechanism model. ©2001 Acoustical Society of America.@DOI: 10.1121/1.1334597#

PACS numbers: 43.64.Bt, 43.64.Jb, 43.64.Yp@BLM #
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I. INTRODUCTION

Mammalian otoacoustic emissions~OAEs! have gener-
ally been regarded as originating through nonlinear elec
mechanical distortion~e.g., Kemp, 1978, 1997, 1998; Prob
et al., 1991; Allen and Neely, 1992; Allen and Lonsbur
Martin, 1993; Patuzzi, 1996!. Shera and Guinan~1999!,
however, argue that OAEs arise by at least two fundam
tally different mechanisms within the cochlea. These diff
ences in mechanism, they suggest, can profitably be use
define an ‘‘OAE family tree.’’ The mechanism-based ta
onomy groups emissions into two basic types: distorti
source emissions, which arise by nonlinear distortion
duced by the traveling wave, and reflection-sou
emissions, which arise via linear reflection off pre-existi
micromechanical impedance perturbations~Shera and
Zweig, 1993b; Zweig and Shera, 1995!. This distinction be-
tween distortion- and reflection-source emissions diff
from the ‘‘wave-’’ and ‘‘place-fixed’’ dichotomy maintained
by Kemp and Brown~1983! in that the latter was introduce
and developed within an integrated framework that views
OAEs as manifestations of cochlear mechanical nonlinea
The mechanism-based taxonomy, by contrast, emphas
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the fundamental differences between linear~reflection-
source! and nonlinear~distortion-source! emission mecha-
nisms.

The analysis underlying the taxonomy predicts that
two types of OAEs mix to form the evoked emissions me
sured in the ear canal. In any given measurement, the di
ent emission types contribute in degrees dependent on
cies, stimulus parameters, and cochlear state. As an exa
of the process, Shera and Guinan suggest that the gener
of lower-sideband distortion-product otoacoustic emissio
~DPOAEs! can be understood in terms of the mixing of th
two OAE types. Much of DPOAE fine structure apparen
arises through the interference of emissions originating fr
two distinct cochlear locations~e.g., Kim, 1980; Kemp and
Brown, 1983!. Although the ‘‘two-place model’’ for
DPOAEs now appears well established~e.g., Gaskill and
Brown, 1990; Brownet al., 1996; Engdahl and Kemp, 1996
Brown and Beveridge, 1997; Heitmannet al., 1998; Fahey
and Allen, 1997; Siegelet al., 1998!, the taxonomy identifies
the two interfering emission components as arising not s
ply from two distinct locations, but, more importantly, vi
two different mechanisms.

The proposed generation process is illustrated in Fig
62209(2)/622/16/$18.00 © 2001 Acoustical Society of America
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FIG. 1. Schematic diagram of the two-mechanis
model. The figure illustrates the generation of SFOA
~top! and DPOAEs~bottom! at low sound levels. Each
panel shows phase lag relative to stimulus phase~lag
increasing downward! of forward- and backward-
traveling waves vs cochlear location. At low stimulu
levels, SFOAEs (Psfe) result from coherent reflection
~R! in the region near the peak of the traveling-wav
envelope. For DPOAEs, the primary traveling wav
produce a region of nonlinear distortion~D!, located
near the peak of thef 2 wave ~at x2!, where nonlinear
distortion generates traveling waves at the frequen
f dp that travel in both directions~shown here for the
case f dp52f 1– f 2 , where f dp equals the SFOAE fre-
quency shown in the top panel!. The backward-
traveling wave propagates to the ear canal~where it
appears as the distortion-source emission,Pdp

D !. The
forward-traveling wave propagates to its characteris
place~at xdp!, where it undergoes partial reflection~R!
near the peak of its wave envelope, generating a sec
backward-traveling wave that propagates to the ear
nal ~the reflection-source emission,Pdp

R !. The two types
of emission combine to produce the DPOAE measur
in the ear canal (Pdp5Pdp

D 1Pdp
R ). For simplicity, phase

shifts due to propagation through the middle ear a
reflection by the stapes are not shown. Adapted, w
permission, from Shera and Guinan~1999!.
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The primary traveling waves, at frequenciesf 1 and f 2 ~with
f 2. f 1!, interact to produce a region of nonlinear distorti
~D!, located near the peak of thef 2 wave, which creates
energy at distortion-product frequencies. In particular, tr
eling waves at the frequencyf dp52 f 1– f 2 are generated tha
travel in both directions. The backward-traveling wa
propagates to the ear canal, where it appears as a disto
source emission. The forward-traveling wave propagate
its characteristic place, where it undergoes partial reflec
~R! near the peak of its wave envelope, generating a sec
backward-traveling wave that propagates to the ear can~a
reflection-source emission!. The two types of emission mix
in the ear canal.1

The proposed model thus predicts that the two com
nents originate not simply from two different regions of t
cochlea but—more significantly—by two fundamentally d
ferent mechanisms. Similar predictions emerge from rec
modeling studies~e.g., Talmadgeet al., 1998, 1999; Mauer-
mannet al., 1999a, b!. Based on nonlinear cochlear mode
that meet the requirements detailed by the theory of cohe
reflection filtering for the generation of realistic reflectio
emissions ~Shera and Zweig, 1993b; Zweig and She
1995!,2 these studies incorporate both classes of emiss
generating mechanisms~i.e., nonlinear distortion and linea
coherent reflection!. The primary goal of the experiment
reported here was to test thistwo-mechanism modelfor
DPOAE generation.
623 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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According to the analysis underlying the taxonom
distortion- and reflection-source emissions manifest very
ferent frequency dependencies in their phase. In a nuts
the argument runs roughly as follows:

Distortion-source OAEs: Nonlinear distortion depend
upon the interaction between the two primary traveli
waves. When produced using frequency-scaled stimuli,
combined excitation pattern of the primary traveling wav
simply translates along the cochlear partition as the stimu
frequencies are varied. This approximate translation inv
ance~or ‘‘shift similarity’’ ! follows from local scaling sym-
metry and the logarithmic form of the cochlear frequenc
position map. Approximate shift similarity ensures that t
amplitudes and phases of the primary waves—and hence
nonlinear interactions between them—remain nearly inv
ant in a coordinate system that moves with the spatial en
lope of the f 2 traveling wave as the frequencies are swe
~Fig. 2, left!. OAEs generated by frequency-scaled nonline
distortion therefore manifest a nearly constant phase.

Reflection-source OAEs: According to the theory of co-
herent reflection filtering ~Zweig and Shera, 1995!,
reflection-source emissions are generated when a forw
traveling wave reflects off ‘‘random’’ perturbations in th
mechanics of the cochlea. The phase of each scattered w
let depends on the phase of the forward-traveling wave at
location of scattering. Since the micromechanical impeda
perturbations are fixed in space~unlike sources of nonlinea
623R. Kalluri and C. A. Shera: DPOAE source unmixing
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distortion, which move with the excitation pattern as the f
quency changes!, the phase of the incident wave at ea
perturbation changes as the frequency of the forwa
traveling wave is varied~Fig. 2, right!. Consequently, OAEs
generated by linear reflection manifest a phase that rot
rapidly with frequency.

In this paper we apply this reasoning to test the t
principal predictions of the two-mechanism model, as s
gested by the taxonomy and framework presented in Fig
Specifically, we test the predictions that

~1! The total distortion-product emission,Pdp, represents
the sum of distortion- and reflection-source compone

Pdp
D and Pdp

R

Pdp5Pdp
D 1Pdp

R , ~1!

where the componentsPdp
D and Pdp

R manifest frequency
dependencies in their phase consistent with their p
sumed mechanisms of generation. Specifically,
model predicts that whenPdp is evoked using frequency
scaled stimuli~e.g., with the ratiof 2 / f 1 fixed!, the phase
of Pdp

D should be essentially independent of frequen
whereas the phase ofPdp

R should rotate rapidly.
~2! The putative reflection-source component,Pdp

R , of the

FIG. 2. Schematic diagram illustrating the consequences of scaling fo
phase of distortion- and reflection-source emissions. The left-hand p
shows a snapshot of thef 2 traveling wave at two different frequencies~top!
and the corresponding phase lags~bottom! vs cochlear location. The two
frequencies are denoted by black and gray lines, respectively. For simpl
the f 1 traveling waves are not shown. Distortion sources result from n
linear interaction between the primary traveling waves. The sources i
trated here~3! are idealized as points at the peak of thef 2 traveling wave.
When the frequency ratiof 2 / f 1 is held fixed during the measuremen
sweep, the primary traveling waves~and thus the resulting distortion
sources! simply shift along the cochlear partition, maintaining a nearly co
stant relative phase relationship as the stimulus frequencies are varied.
for example, that the phases of the primary traveling waves at the disto
source remain constant as the frequency is increased and the wave p
shifts ~←! along the partition. As a result, the phases of all resulting dis
tion products are essentially independent of frequency. The right-hand p
shows a similar diagram for a reflection source~e.g., a perturbation in the
mechanics of the cochlea!. Since the perturbation~* ! is fixed in space the
phase of the wave scattered by the perturbation changes considerably~↓! as
the stimulus frequency is varied. Consequently, the phases of OAEs g
ated by linear reflection vary rapidly with frequency.
624 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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total DPOAE closely matches the reflection emissi
measured at the same frequency under similar co
tions. According to the taxonomy, stimulus-frequen
emissions~SFOAEs! evoked at low stimulus levels ar
nearly pure reflection emissions~see Fig. 1!. We thus
test the prediction that

Pdp
R 'Psfe, ~2!

wherePsfe is the SFOAE at the same frequency. On
stimulus parameters have been adjusted to yield com
rable overall emission levels, the predicted match
cludes the frequency dependence of both the amplit
~or spectral shape! and the phase.3

Testing these predictions requires a technique for
mixing the total DPOAE into putative distortion- an
reflection-source components. Initially, we adopt an exp
mental approach based on selective suppression that exp
the spatial separation of the presumed distortion- a
reflection-source regions within the cochlea. To explore
sensitivity of our results to variations in the methodology
unmixing, we compare our results obtained using supp
sion to an alternative unmixing procedure based on spec
smoothing or time-domain windowing. A preliminary ac
count of this work has been presented elsewhere~Kalluri and
Shera, 2000!.

II. UNMIXING VIA SELECTIVE SUPPRESSION

Reference to Fig. 1 suggests that one can separate
two components,Pdp

D andPdp
R , of the total DPOAE pressure

if the reflection-source emission originating from theR re-
gion can be eliminated. The unmixing procedure would th
be to ~1! measure the total emission,Pdp, using frequency-
scaled stimuli;~2! eliminate theR component and remeasur
the DPOAE to obtain the pure distortion-source compone
Pdp

D ; and~3! compute the reflection-source component,Pdp
R ,

by subtraction,Pdp
R 5Pdp2Pdp

D .
The spatial separation of the two source regions wit

the cochlea suggests trying to eliminate theR component by
introducing a third, suppressor tone at a nearby frequen
The suppressor would act by reducing the amplitude of
wavelets incident upon and/or scattered back from theR re-
gion. Suppression techniques for separating OAE sou
originating at different spatial locations in the cochlea we
pioneered by Kemp and Brown~1983! and later refined by
others~e.g., Heitmannet al., 1998; Siegelet al., 1998!. The
selective suppression strategy for unmixing yields the f
lowing estimates ofPdp and its components:

Pdp5Pec~ f dp! ~measured at fixedf 2 / f 1!; ~3!

Pdp
D 'Pec~ f dp!uwith suppressor

~with suppressor atf s' f dp!; ~4!

Pdp
R 'Pdp2Pdp

D . ~5!

In these expressions,Pec( f ) denotes the complex ear-can
pressure at frequencyf resulting from stimulation at primary
frequenciesf 1 and f 2 .
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A. Measurement methods

We measured emissions from one ear of each of f
normal hearing humans. Treatment of human subjects wa
accordance with protocols approved by the Human-Stu
Committee at the Massachusetts Eye and Ear Infirmary.
measurements were performed with subjects reclining c
fortably in a sound-proofed, vibration-isolated chamber~Ver
et al., 1975!. Stimulus waveforms were generated and
sponses acquired and averaged digitally using a custom-
data-acquisition system. Acoustic signals were transdu
using a Etymōtic Research ER-10c DPOAE probe syste
supplemented with an ER-3A earphone whose sou
delivery tube was threaded through the ER-10c foam ea
In situ earphone calibrations were performed at regular in
vals throughout all measurement sessions. The calibrat
were used to guarantee that the stimulus tones had con
level and zero starting phase in the ear canal at all frequ
cies. Real-time artifact rejection was implemented by co
paring the time waveforms in successive data buffers be
adding them to the averaged responses. In these and
respects, the methods and equipment used to obtain
SFOAEs and DPOAEs are generally similar to those
scribed elsewhere~Shera and Guinan, 1999!. We briefly
summarize relevant differences here and provide detailed
scriptions in the Appendix.

1. Measurement of DPOAEs

We measured distortion-product emissions at the
quency 2f 1– f 2 using frequency-scaled stimuli~i.e., using
frequency sweeps performed with the primary-frequency
tio, f 2 / f 1 , held constant!. The measurements reported he
were obtained using primary levels of$L1 ,L2%5$60,45% dB
SPL at the frequency ratiof 2 / f 151.2. To ensure that ou
ability to maintain a constantf 2 / f 1 ratio during the sweep
was not systematically compromised by the frequency qu
tization imposed by digital stimulus generation, we modifi
our data-acquisition system to allow the sampling freque
to vary between measurement points. This flexibility enab
us to choosef 1 and f 2 so that the ratiof 2 / f 1 varied by less
than a thousandth of a percent between measurements~at our
typical frequency spacing of about 15 Hz!. The resulting
sampling frequencies varied by less than 3% about the no
nal value~59.94 kHz!.

To allow any multiple reflections that might be prese
within the cochlea to settle into an approximately stea
state response, we measuredPdp and Pdpusuppressedover time
intervals~'136 ms! much longer than the estimated roun
trip travel time for cochlear waves~'10–15 ms!. To guard
against possible systematic variations in emission amplit
over time that might invalidate the unmixing procedure~e.g.,
due to efferent feedback or to changes in earphone cali
tion caused by subject movement or by temperature va
tions!, we interleaved measurements ofPdp andPdpusuppressed

in time and averaged multiple repetitions~typically n564!.
We set the suppressor frequency approximately 44 Hz be
the distortion-product frequency~e.g., Siegelet al., 1998;
Dreisbach and Siegel, 1999!. The suppressor level was ad
justed~separately for each subject! to minimize the DPOAE
fine structure while leaving the mean DPOAE amplitude~as
625 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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averaged over several fine-structure periods! largely un-
changed~cf. Heitmannet al., 1998!. The suppressor leve
chosen in this way was generally in the range 50–55
SPL.

2. Measurement of SFOAEs

We measured stimulus-frequency emissions using
suppression method~e.g., Guinan, 1990; Kempet al., 1990;
Brass and Kemp, 1991, 1993; Souter, 1995; Shera
Guinan, 1999!. In this method, the emission is obtained
the complex~or vector! difference between the ear-can
pressure at the probe frequency measured first with the p
tone alone and then in the presence of a stronger suppre
tone at a nearby frequency. Thus, the SFOAE pressure a
probe frequency,Psfe( f p), is defined as

Psfe~ f p![Pec~ f p!2Pec~ f p!uwith suppressor atf s' f p
. ~6!

In the measurements reported here, the suppressor frequ
was approximately 44 Hz below the probe (f s' f p

244 Hz). To prevent contamination from the considera
cross talk between output channels of the ER-10c, we g
erated the suppressor tone using a separate ER-3A earp
whose sound-delivery tube was threaded through the fo
eartip. Unless otherwise noted, the probe and suppressor
els,Lp andLs, were 40 and 55 dB SPL, respectively~Shera
and Guinan, 1999!. Exploratory measurements at oth
nearby probe levels indicate that the spectral shape and p
of Psfe are not strong functions of intensity at these leve
We found that probe levels of 40 dB SPL gave emiss
levels generally comparable to those ofPdp

R , especially after
introduction of the primary-mimicking tone described belo
As with the DPOAE measurements, we interleaved meas
ments ofPec( f p) and Pec( f p)usuppressedin time to minimize
artifacts that might contaminate the difference. The meas
ment frequency resolution, approximately 15 Hz betwe
points, was always sufficient to prevent ambiguities in ph
unwrapping.

In some experiments, we measured SFOAEs in the p
ence of an additional continuous tone. The idea was to m
sure Psfe under conditions matching as closely as possi
those present during the measurement ofPdp

R . Thus, we in-
troduced the additional tone at a frequency and level co
sponding to thef 1 primary used in the measurement
DPOAEs. In terms of the probe frequency, the frequency
this additional tone~the ‘‘ f 1-primary mimicker’’! was there-
fore given byf 15 f p /(22r ), wherer denotes thef 2 / f 1 ratio
we wished to mimic. We denote the SFOAE measured in
presence of thef 1-primary mimicking tone byPsfe

1 :

Psfe
1 [Psfeuwith f 1 mimicker. ~7!

B. Results: Unmixing via selective suppression

1. Pdp and its components, P dp
D and P dp

R

Typical measurements of the total DPOAE and its co
ponents estimated using suppression are shown in Fig. 3
illustrate the variation across subjects, we show results
three of our four subjects~those for whom the most data ar
available!; similar results were obtained in the fourth subje
625R. Kalluri and C. A. Shera: DPOAE source unmixing
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FIG. 3. The DPOAEPdp and its estimated distortion- and reflection-source components,Pdp
D andPdp

R , obtained using suppression. The figure shows typi
measurements of the amplitude~top! and phase~bottom! of the 2f 1– f 2 DPOAE and its components measured using a frequency-scaled stimulus~i.e., the
primary frequenciesf 1 and f 2 were swept with their ratio held constant at the valuef 2 / f 151.2!. Left to right, the panels show data from subjects #1, #2, a
#3, respectively; similar results were obtained in the fourth subject. In each case, the total DPOAE~solid line! was unmixed using a suppressor tone near
distortion-product frequency,f dp . Although the phases of the estimatedPdp

D components~dotted lines! vary less than a period, the phases of the estimatedPdp
R

components~dashed lines! fall through many cycles over the same frequency range, in agreement with Prediction #1. The measurement noise fl
approximately225 dB SPL and the frequency resolution was always sufficient to prevent ambiguities in phase unwrapping. Stimulus levels for su
$L1 ,L2 ,Ls%5$60,45,50% dB SPL. Stimulus levels for subject #2:$L1 ,L2 ,Ls%5$60,45,50% dB SPL. Stimulus levels for subject #3:$L1 ,L2 ,Ls%
5$60,45,55% dB SPL.
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In each case, the putative distortion-source component,Pdp
D ,

is essentially a smoother version of the total DPOAE
which much of the quasiperiodic fine structure apparen
both the amplitude and phase ofPdp has been eliminated. In
agreement with Prediction #1, the phase ofPdp

D is nearly
constant, varying by less than a period. By contrast,
phase of the reflection-source component,Pdp

R , falls through
many cycles~typically eight or more! over the same fre-
quency range. These different frequency dependencies im
generation by fundamentally different mechanisms: T
nearly constant phase ofPdp

D is consistent with generation b
frequency-scaled nonlinear distortion and the rapidly rotat
phase ofPdp

R with generation by linear coherent reflectio
~Shera and Guinan, 1999!.

The fine-structure manifest in the total DPOAE aris
because of alternating constructive and destructive inter
ence between the two components,Pdp

D and Pdp
R , caused by

the systematic rotation of their relative phase, a conseque
of the very different slopes of their phase versus freque
functions. Thus, the componentsPdp

D andPdp
R ‘‘beat’’ against

each other, producing an oscillatory interference pattern
other words, DPOAE fine structure arises because DPO
are mixtures of emissions with distinctly different properti
that reflect their different mechanisms of generation.
626 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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2. Comparison between P dp
R and P sfe

According to Prediction #2, the reflection-source co
ponent of the total DPOAE,Pdp

R ~Fig. 1, lower panel!, should
closely match other reflection-source emissions measu
under comparable conditions~e.g., SFOAEs at low stimulus
levels as in Fig. 1, upper panel!. Figure 4 tests this prediction
by comparingPdp

R and Psfe measured in the same ear.
agreement with predictions, the phase slopes ofPsfe andPdp

R

are nearly identical. In addition, bothPsfe andPdp
R have simi-

lar amplitude features~e.g., a deep notch near 1.4 kHz!.
These similarities support the idea thatPsfe andPdp

R are gen-
erated by a similar mechanism. Note that deep spec
notches such as that apparent near 1.4 kHz are predicte
the theory of coherent reflection filtering~cf. Fig. 11 of
Zweig and Shera, 1995!. In the model, such notches aris
from random spatial fluctuations in the irregularities th
scatter the wave. At some frequencies, wavelets scatt
from different locations within the scattering region combi
nearly out of phase and cause near cancellation of the
reflected wave.

Although the overall match betweenPdp
R and Psfe is

good—especially when one considers the substantial dif
ences in the way that the two emissions are evoked
measured—details of the spectral shape~e.g., the precise lo-
626R. Kalluri and C. A. Shera: DPOAE source unmixing
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f 4
cation of the notch! do not match perfectly. Do these discre
ancies suggest important differences betweenPdp

R and Psfe

and their mechanisms of generation? Or do they reflect
ferences in measurement conditions that influence the m
nitude and/or phase of the traveling-wave energy scatte
back fromR? For example, the primaries present during
DPOAE measurement may suppress the traveling wave
the f dp place, thereby affecting the frequency dependenc
Pdp

R .

3. Mimicking suppression by the primaries

To address these questions, we modified
Psfe-measurement paradigm to better mimic the intracoch
conditions under whichPdp

R originated. Specifically, we mea
suredPsfe in the presence of an additional tone whose f
quency and level were chosen to match those of thef 1 pri-
mary used during the measurement ofPdp

R ~see Methods
above!. We mimic the f 1 primary because we expect it t
have the greater effect; thef 1 primary is both closer in fre-
quency tof dp and higher in level than thef 2 primary. We
definePsfe

1 as the value ofPsfe measured in the presence
the f 1-primary mimicker.

Measurements ofPsfe
1 are shown and compared to tho

of Pdp
R in Fig. 5. The match between the two putati

reflection-source emissions is now much closer. This resu
consistent with the idea that the differences in Fig. 4 refl
differing intracochlear stimulus conditions; differences in t

FIG. 4. Comparison between the estimated reflection-source compo
Pdp

R , and the SFOAE,Psfe. The figure shows the amplitude~top! and phase
~bottom! of Pdp

R ~dashed line!, the reflection-source component of the tot
DPOAE obtained in Fig. 3 for subject #1. Shown for comparison isPsfe

~solid line!, the SFOAE measured in the same subject at a probe level o
dB SPL. Note the considerable agreement in both amplitude and phase~e.g.,
Pdp

R and Psfe have similar amplitude notches and phase slopes!. SFOAE
stimulus levels:$Lp ,Ls%5$40,50% dB SPL.
627 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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mechanisms of emission generation are not required. T
the similarity in both magnitude and phase betweenPdp

R and
Psfe

1 is in agreement with Prediction #2 and provides stro
support for the model. Note that the changes in the ove
amplitude and spectral shape ofPsfe caused by the
f 1-primary mimicker suggest that the primaries have a s
nificant effect on the reflection-source component of
DPOAE ~presumably via suppression of the wave incide
upon and/or reflected back from theR region!.

III. UNMIXING VIA SPECTRAL SMOOTHING

A potential difficulty with suppression-based unmixin
is that the suppressor tone, introduced with the intent of
lectively suppressing the reflection-source component, m
inadvertently modify the response in other ways. For e
ample, the suppressor tone may also suppress the distor
source component~either directly, or through its effects o
the primaries! or ‘‘catalyze’’ the generation of additiona
distortion-sources at the frequencyf dp ~Faheyet al., 2000!.
As a test of these possibilities, and to investigate the se
tivity of our conclusions to the method of unmixing, we r
peated our analysis using a completely different meth
This method—spectral smoothing~or its equivalent, time
windowing!—was suggested by the correspondence, in a
ear system, between phase slope in the frequency dom
and latency in the time domain~e.g., Papoulis, 1962!. As
unmixed by suppression, the two componentsPdp

D andPdp
R of

Pdp have very different phase slopes, evidently reflect
fundamental differences in their mechanisms of generat
Consequently, if we apply Fourier analysis to our frequen
domain measurements ofPdp, we expect to see two compo
nents of very different latencies in the correspondi
‘‘latency-domain response:’’4 namely, a short-latency com
ponent corresponding toPdp

D and a long-latency componen
corresponding toPdp

R . Thus, our suppression results sugg
that the two components ofPdp should be separable usin
signal-processing strategies based on appropriate window
in the latency domain. Techniques for analyzing OAEs
this way were introduced by Shera and Zweig~1993a; Zweig
and Shera, 1995!, who applied them to the study of SFOAE
similar methods have since been applied to other emiss
~e.g., Stoveret al., 1996; Brown et al., 1996; Fahey and
Allen, 1997; Knight and Kemp, 2000b; Renet al., 2000!.

Multiplication by a window in the latency domain cor
responds to convolution with a smoothing function in t
frequency domain. Although the two approaches are enti
equivalent, we refer to the technique as ‘‘spectral smoo
ing’’ rather than ‘‘time windowing’’ because viewing the
process in the frequency domain yields equations for
components that are more directly analogous to those of
suppression method@cf. Eqs.~3!–~5!#. The spectral smooth
ing strategy for unmixing thus yields the following estimat
of Pdp and its components:

Pdp5Pec~ f dp! ~measured at fixedf 2 / f 1!; ~8!

Pdp
D 'Pdpusmoothed ~convolved with smoothing filter!;

~9!

nt,

0
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source
FIG. 5. Comparison between the estimated reflection-source component,Pdp
R , and thef 1-mimicked SFOAE,Psfe

1 . The figure compares the amplitude~top!
and phase~bottom! of Pdp

R ~dashed line, from Fig. 3! and Psfe
1 ~black solid line!, the value ofPsfe measured in the presence of an additional tone at

frequency and level of thef 1 primary present during the measurement ofPdp
R . Left to right, the three panels show data for subjects #1, #2, and

respectively. Shown for comparison isPsfe ~gray line!. The match between the amplitude and phase ofPdp
R andPsfe

1 is generally excellent, in agreement wit
Prediction #2. The differences betweenPsfe and Psfe

1 caused by the mimicker suggest that the primaries have a significant effect on the reflection-
component of the DPOAE. SFOAE stimulus levels:$Lp ,Ls ,L1%5$40,55,60% dB SPL.
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Pdp
R 'Pdp2Pdp

D . ~10!

A. Analysis methods

Measurements of transient-evoked and stimul
frequency emissions indicate that reflection-emission late
varies with frequency~e.g., Kemp, 1978; Wilson, 1980
Norton and Neely, 1987; Neelyet al., 1988; Shera and
Guinan, 2000a!. This frequency dispersion tends to sme
out the reflection-source component in time, making it m
difficult to separate by windowing. To help compensate
this dispersion, it proves helpful to work in the log-frequen
domain. Consequently, we perform Fourier transforms w
respect to the dimensionless frequency variable5

n[2 log~ f / f ref!, ~11!

wheref ref is a reference frequency taken, for convenience
the maximum frequency of hearing. Fourier transformat
with respect to a log-frequency variable, suggested by
approximate local scaling symmetry of cochlear mechan
results in sharper, more well-defined peaks in the Four
conjugate latency domain~Zweig and Shera, 1995; Knigh
and Kemp, 2000b!.6 The conjugate dimensionless laten
variable, here denotedt, represents emission latency e
pressed in periods of the emission frequency~Zweig and
Shera, 1995!.7

Unmixing by smoothing involves convolvingPdp with a
smoothing function, S, of finite bandwidth ~e.g., a
Gaussian!8:
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Pdpusmoothed[S* Pdp, ~12!

where* denotes the operation of convolution. The convo
tion is equivalent to a multiplication~or windowing! in thet
domain. Thus,

Pdpusmoothed5F21$Ŝ3F$Pdp%%, ~13!

whereF$•% represents the operation of Fourier transform
tion ~with respect ton!,9 F21$•% the inverse transformation
~with respect tot!, and the window,Ŝ(t), is the Fourier
transform ofS:

Ŝ[F$S%. ~14!

Separation ofPdp into meaningful components require
choosing the smoothing function~or, equivalently, the shape
and duration of the latency window! appropriately. Ideally,
the window Ŝ(t) should have a sharp cutoff in thet
domain—to cleanly separate emission components of dif
ent latencies—but avoid extensive spreading~or ‘‘ringing’’ !
in the frequency response~smoothing function!. To approxi-
mate these desired characteristics we employ one of a c
of ‘‘recursive exponential filters’’ ~Shera and Zweig,
1993a!.10 The recursive-exponential filters are entire fun
tions and have no poles, discontinuities, or other undesira
features in the complex plane to contribute large oscillatio
to the smoothing function.

In practice, measurements are only available over a
nite frequency range, and the smoothing operation is com
628R. Kalluri and C. A. Shera: DPOAE source unmixing
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cated by end effects. Throughout this paper, the analy
frequency range was chosen to include an approximately
tegral number of spectral cycles, and smoothing was p
formed using periodic boundary conditions~the data were
effectively wrapped around a cylinder!. When necessary,
linear ramp was subtracted, and subsequently restored
smoothing, to remove any discontinuity at the ‘‘seam.’’ T
estimate ofPdp

D so obtained was then discarded at each
over a frequency interval equal to the approximate ba
width of the smoothing function.11

1. Determining the window duration

Unmixing via windowing~spectral smoothing! requires
specification of the duration of the time window~bandwidth
of the smoothing function! used to separate components w
different latencies. The suppression studies reported ab
indicate that the long-latency component,Pdp

R , closely
matches the characteristics of reflection emissions meas
under comparable conditions~e.g., Psfe

1 !. Consequently, an
estimate of the appropriate window duration can be obtai

FIG. 6. The smoothing function and corresponding latency window. T
figure shows both latency-domain~top! and corresponding frequency
domain representations~bottom! of Pdp and the matched smoothing func
tion, S. The top panel shows the amplitudes of the Fourier transfo
F$Pdp% ~solid gray line! and F$Psfe

1 % ~dashed gray line! vs t, the emission
latency expressed in stimulus periods. Thet-domain representations of bot
Pdp and Psfe

1 show a strong peak centered at a latency of about 15 cyc
Shown for comparison~solid black line! is the tenth-order recursive expo

nential filter, Ŝ10(t;tcut), with a cutoff time oftcut59 used in subsequen
analysis to separate short- and long-latency components ofPdp . The bottom
panel shows frequency-domain representations ofPdp andS. Note that the
frequency axis is logarithmic~linear in n!. The real and imaginary parts o
Pdp are shown with the solid and dotted gray lines, respectively. A lin
ramp has been subtracted fromPdp to render the function periodic on
cylinder. The black line shows the smoothing functionS10(n;9) which,
when convolved withPdp , yields our estimate ofPdp

D . Note that the vertical
scale forS, dependent on the number of points in our numerical Fou
transform, is not especially illuminating and has been left unspecified.
measurements ofPdp andPsfe

1 are from Figs. 3 and 5, respectively~subject
#1!.
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from measurements of SFOAEs evoked at low stimulus l
els. Analysis of such measurements indicates that in the 1
kHz range, reflection emissions are delayed by an averag
about 15 periods of the stimulus frequency with a spread
roughly 635% ~Zweig and Shera, 1995; Shera and Guina
2000a!. Multiplication by a window of durationtcut58 – 9
periods might therefore be expected to cleanly remo
reflection-source components in this frequency range.

Figure 6 corroborates this analysis using our measu
ments ofPdp andPsfe

1 . Both short- and long-latency compo
nents are clearly apparent in the Fourier transformF$Pdp%,
the latency-domain representation ofPdp. @By contrast, the
long-latency component is almost entirely absent in the F
rier transform ofPdp

D obtained by suppression~not shown!.#
As expected, the long-latency component inF$Pdp%, cen-
tered at a latency of about 15 cycles, coincides with the p
in F$Psfe

1 %. The tenth-order recursive exponential filte
Ŝ10(t;tcut), with a cutoff latency oftcut59 periods, is
shown for comparison. In subsequent analysis, we
Ŝ10(t;tcut59) to separate the short- and long-latency co
ponents ofPdp.

B. Results: Unmixing via spectral smoothing

1. Pdp and its components, P dp
D and P dp

R , revisited

Typical measurements ofPdp and its components un
mixed by spectral smoothing are shown with the compone
obtained by suppression in Fig. 7. Qualitatively, the tw
methods unmixPdp into similar components. For example
the estimates ofPdp

R obtained by the two methods hav
nearly identical phases and manifest similar frequency
pendence in their amplitude curves. There are, of cou
differences in the details. For example, the distortion-sou
components,Pdp

D , obtained by suppression unmixing hav
larger fine structure than the same components obtaine
smoothing. We examine this issue further in the next sect
Despite differences in detail, the qualitative agreement
tween the estimated components indicates that our test
the two-mechanism model are not especially sensitive to
method of unmixing.

IV. ERRORS DUE TO INCOMPLETE UNMIXING

We explore in Fig. 8 the effects of varying key param
eters in each of our two unmixing paradigms. For unmixi
by suppression, the top panels show how estimates ofPdp

D

and Pdp
R depend on suppressor level,Ls; for unmixing by

smoothing~time windowing!, the bottom panels show th
dependence on the duration of the latency window,tcut ~or,
equivalently, the bandwidth of the smoothing function!. Note
how the fine-structure oscillations inPdp

D ~left! increase to-
ward the bottom of each plot~i.e., at lower values ofLs or
longertcut!. By contrast, the fine-structure oscillations inPdp

R

~right! increase towards the top~i.e., at higher values ofLs or
shortertcut!.

These systematic trends can be understood usin
simple model of the unmixing process. Let the model pr
surePdp be the sum of two components,D andR, with very
different phase slopes. As a consequence of this differe
D and R beat against each other, producing an oscillat
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#3,

FIG. 7. The DPOAEPdp and its estimated distortion- and reflection-source components,Pdp

D andPdp
R , obtained using spectral smoothing~time windowing!.

The figure shows the amplitude~top! and phase~bottom! of Pdp from Fig. 3. Left to right, the three panels show data from subjects #1, #2, and

respectively. In each case, the total DPOAE~solid black line! was unmixed as described in the text using the tenth-order recursive exponential filter,Ŝ10(t;9).
The two components,Pdp

D ~dotted black line! andPdp
R ~dashed black line!, are qualitatively similar to those obtained using suppression~gray lines!.
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interference pattern in the amplitude and phase ofPdp.
Imagine now that we attempt to unmix the components
perimentally; let our estimates of the two components
denotedPdp

D and Pdp
R , respectively. Perfect unmixing woul

yield valuesPdp
D 5D and Pdp

R 5R. In general, however, un
mixing is incomplete, and the estimates contain contributi
from bothD andR:

S Pdp
D

Pdp
R D 5S 12d r

d 12r
D S D

RD , ~15!

where the complex, frequency-dependent coefficientsd and
r quantify the unmixing errors. Note that the coefficien
satisfy the constraintPdp

D 1Pdp
R 5D1R. Although perfect un-

mixing requiresd5r50, acceptable results occur withudu
!1 anduru!1.

The unmixing errorsd and r depend on unmixing pa
rameters such as the level of the suppressor and the dur
of the latency window. To explicate the trends in Fig. 8, w
consider three special cases of incomplete unmixing:

~1! Cased50 andrÞ0 so that

Pdp
D 5D1rR; ~16!

Pdp
R 5~12r!R. ~17!

For suppression-based unmixing, this case results f
using a weak suppressor that leavesD unchanged but
only incompletely removes theR component from the
mix ~i.e., undersuppression!; in the smoothing case, i
corresponds to under-smoothing~i.e., to using too nar-
row a smoothing function or too long a latency window!.
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Since the resulting estimate ofPdp
D appears contaminate

by the R component, the magnitudeuPdp
D u should oscil-

late with frequency. These features are found in the
ure: at smaller values ofLs and longer values oftcut, the
estimatesLdp

D manifest considerable fine structure.
~2! CasedÞ0 andr50 so that

Pdp
D 5~12d!D; ~18!

Pdp
R 5R1dD. ~19!

Here, the suppressor is strong enough to completely
move theR component, but in so doing it modifies th
D; for smoothing, this case results from oversmoothi
~i.e., using an overly broad smoothing function or to
short a latency window!. In this case, the estimatePdp

R is
contaminated with part of theD component, and its mag
nitude should therefore oscillate. These features occu
Fig. 8: at the largest values ofLs and shortest values o
tcut, the estimatesLdp

R show evidence of fine structure.
~3! CasedÞ0 andrÞ0 so that

Pdp
D 5~12d!D1rR; ~20!

Pdp
R 5~12r!R1dD. ~21!

In this more general case, the suppressor is neither st
enough to eliminate theR component nor weak enoug
not to affect theD component. For smoothing, this cas
results from a temporal overlap between theD and R
components in the latency domain. In this situation, b
630R. Kalluri and C. A. Shera: DPOAE source unmixing
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FIG. 8. Changes in estimates ofuPdp
D u and uPdp

R u with
variations in the parameters of the unmixing proce
The figure shows the levelsLdp

D ~left! and Ldp
R ~right!

obtained when the parameters for the suppression-
smoothing-based unmixing are varied systematica
The top panels show the results obtained by varying
level of the suppressor tone,Ls . The bottom panels
show the results of varying the duration of the laten
window, tcut . The original, unsmoothed measureme
of Ldp is shown for comparison in the bottom lef
(tcut5`). Note that because the estimates ofPdp

D and
Pdp

R were discarded at each end over a frequency int
val equal to the bandwidth of the smoothing functio
~see Sec. IV A!, the estimates cover a more limited fre
quency range at smaller values oftcut . In all panels, the
different curves have been offset from one another
clarity. Unmixing parameters used earlier in the pape~
Ls555 dB SPL andtcut59 periods! are marked with an
asterisk. Data from subject #3 with stimulus levels
$L1 ,L2%5$60,45% dB SPL.
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Pdp
D andPdp

R will show fine structure oscillations, as see
in Fig. 8 at certain intermediate values ofLs andtcut.

Our results with suppression unmixing suggests t
there is no ‘‘ideal’’ suppressor level valid over a range
frequencies that simultaneously eliminates the reflecti
source component while leaving the distortion-source es
tially unaffected. Figure 8, for example, shows some resid
fine structure in bothPdp

R andPdp
D at this subject’s ‘‘optimal’’

suppressor level ofLs555 dB SPL. The choice of suppress
level involves a trade-off between minimizingudu and mini-
mizing uru, with their sum inevitably finite. With prope
choice of the windowing function, the prospects for ne
ideal unmixing by spectral smoothing~time windowing! ap-
pear brighter. Judging by the almost negligible amplitude
the fine structure obtained at intermediate values oftcut,
unmixing by smoothing appears able to effect a cleaner s
ration between the two components than is possible u
suppression.

A. Estimating d and r

We illustrate the trade-off betweend and r and give a
feel for the suppression-based unmixing errors in Fig.
which shows estimates ofudu and uru for three different sup-
pressor levels. Computation ofd and r requires knowledge
of D andR; the estimates in Fig. 9 were computed by su
stituting for D and R the components obtained by spect
smoothing ~with tcut59!. Since the two equations repre
sented in matrix form in Eq.~15! are not independent~but
are related byPdp

D 1Pdp
R 5D1R!, an additional constraint is

necessary to determined andr uniquely. Since two param
eters are available, a natural choice is to match bothPdp

D and

its frequency derivative,Pdp
D8 . We thus obtain values ofd

andr by solving the pair of simultaneous equations
631 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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Pdp
D 5~12d!D1rR; ~22!

Pdp
D85~12d!D81rR8. ~23!

The values ofd and r obtained in this way vary with fre-
quency; at every point, the coefficientsd andr are chosen to
match to the curvePdp

D , both its value and its derivative, a
closely as possible.12 Because of the constraintPdp

D 1Pdp
R

5D1R, these same coefficients also provide a match toPdp
R

and its derivative.
Since the true componentsD andR are not known, the

unmixing errorsd and r shown in Fig. 9 were computed
relative to the components obtained by spectral smooth
they therefore provide only a rough guide to the actual
rors. The results are, however, generally consistent with
pectations based on the three special cases of Eq.~15! con-
sidered above. Note, for example, thatudu and uru vary in
opposite directions with changes in suppressor level. At
largest suppressor level,udu is relatively large anduru rela-
tively small ~corresponding to the expectations for stro
suppression outlined in case #2 above!. Similarly, at the
smallest suppressor level, the relative magnitudes ofd andr
are reversed~weak suppression, as in case #1!. At the ‘‘op-
timal’’ suppressor level, the errorsudu anduru are intermediate
between these extremes. Not surprisingly,udu and uru can be-
come large in frequency regions where the total DPOAE
itself poorly determined~e.g., near 0.8 kHz whereuPdpu is
relatively close to the noise floor! and/or where the estimate
componentsPdp

D and Pdp
R change rapidly~e.g., near notches

of Pdp
R !. Overall, however, the unmixing errors are fair

small for intermediate suppressor levels~typically udu;0.1
anduru;0.2– 0.3!. These findings corroborate the qualitativ
visual impression that the two methods, selective supp
sion and spectral smoothing, unmix into generally simi
components.
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V. DISCUSSION

In this paper we tested the two key predictions of t
two-mechanism model of DPOAE generation by succe
fully unmixing DPOAEs into components,Pdp

D and Pdp
R ,

with characteristics indicative of fundamentally differe
mechanisms of generation~i.e., nonlinear distortion vs linea
reflection!. In agreement with Prediction #1, the phase of
putative distortion-source component (Pdp

D ) is nearly con-
stant, whereas the phase of the reflection-source compo
(Pdp

R ) varies rapidly with frequency. These differing pha
slopes imply fundamental differences in the respect
mechanisms of emission generation. In particular, the
slopes are consistent with generation by nonlinear distor
(Pdp

D ) and linear coherent reflection (Pdp
R ), respectively

~Shera and Guinan, 1999!. Furthermore, in agreement wit
Prediction #2, the spectral shape and phase of the reflec
source component closely match those of the SFOAE m
sured at the same frequency under comparable condit
~i.e., with the addition of anf 1-primary mimicker!. Changes
in the SFOAE caused by the mimicker suggest that the
maries have a significant influence on the reflection-sou
component of the DPOAE, presumably via suppression.
investigate the robustness of our conclusions, we unmi
DPOAE sources using two completely different methods:~a!
selective suppression of the reflection source using a t
tone near the distortion-product frequency, and~b! spectral

FIG. 9. Estimates of the unmixing errorsd and r at different suppressor
levels. The figure shows magnitudes of the unmixing errorsd and r com-
puted as the solution to Eqs.~22! and ~23!. The componentsPdp

D and Pdp
R

obtained by spectral smoothing~with tcut59! were used as estimates ofD
andR. Results for three different suppressor levels were computed using
data whose magnitudes are shown in the top panels of Fig. 8.
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smoothing~or, equivalently, time-domain windowing!. Al-
though the two methods unmix in very different ways, e
plicit analysis of the unmixing errors demonstrates that th
yield similar DPOAE components, indicating that our resu
are not especially sensitive to the method of unmixing.

A. Source mechanism versus source location

The quasiperiodic fine structure often evident in DPOA
spectra is now generally regarded as resulting from the a
nating constructive and destructive interference betw
backward-traveling waves originating in two separate
gions of the cochlea~Kim, 1980!. The physics underlying the
interference pattern has generally been understood as fol
~e.g., Brown et al., 1996; Stoveret al., 1996; Fahey and
Allen, 1997!: Because the two sources are spatially se
rated, backward-traveling waves originating at the more a
cal location must travel further to reach the ear canal th
waves originating at the basal location. Consequently, wa
from the apical source are delayed relative to the ba
source; in the frequency domain, this delay corresponds
frequency-dependent phase shift. Thus, the relative phas
the two waves rotates with frequency, alternately pass
through plus and minus 1. This rotation of relative pha
creates the interference pattern—known as DPOAE
structure—when the two waves are combined in the ear
nal. Kim ~1980! originally referred to the two DPOAE
sources as the ‘‘primary-place source’’ and t
‘‘characteristic-place source,’’ and considerable eviden
now suggests that the two backward-traveling waves do
deed originate at these locations~e.g., Furstet al., 1988;
Gaskill and Brown, 1990; Brownet al., 1996; Engdahl and
Kemp, 1996; Brown and Beveridge, 1997; Talmadgeet al.,
1998, 1999; Heitmannet al., 1998; Fahey and Allen, 1997
Siegelet al., 1998; Mauermannet al., 1999a, 1999b!.

We demonstrate here, however, that this place-ba
nomenclature—and the conceptual model that underlie
~e.g., Brown et al., 1996; Stoveret al., 1996; Fahey and
Allen, 1997!—although apparently accurate in its specific
tion of the locations of wave origin, fails to capture the cri
cal distinction between the two sources. As suggested
Shera and Guinan~1999!, the fundamental distinction be
tween the two sources is evidently not sourcelocation, but
source mechanism. Indeed, only by incorporating both
classes of emission-generating mechanisms~i.e., nonlinear
distortion and linear coherent reflection! have models been
able to account for the known phenomenology of DPOA
fine structure~e.g., Talmadgeet al., 1998, 1999; Mauermann
et al., 1999a!. Accordingly, our terminology distinguishe
the two components not by their place of origin, but by th
mechanism of generation~i.e., distortion- versus reflection
source components!.

Our results support the two-mechanism model
DPOAE generation. To illustrate, consider how our expe
mental results would have differed if both sources in Fig
had been distortion sources likeD. When probed with the
frequency-scaled stimuli used here, both sources would t
have generated backward-traveling waves with phases es
tially independent of frequency. Consequently, the relat
phase of the waves from the two sources would have b

he
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nearly constant, and no oscillatory fine structure would h
appeared in the ear-canal pressure spectrum.Note that this
constancy of relative phase would have occurred despite
fact that the two waves originate at different spatial loc
tions within the cochlea. In other words, although the
reflection-source region atR is further from the stapes tha
the distortion-source region atD, the difference in phase
slope characterizing emissions from these two sources is
due to the differing locations of theD andR regions. Rather,
contrary to standard assumption, phase slopes are ultim
determined by mechanisms of emission generation. For
ample, the theory of coherent reflection filtering~Shera and
Zweig, 1993b; Zweig and Shera, 1995! implies that
reflection-emission latency is determined not by the dista
a wave travels to reach its characteristic place but by
characteristics of cochlear tuning it finds when it gets th
~Shera and Guinan, 2000a, 2000b!.

B. Comparison with other work

The experiments reported here were designed spe
cally to test Predictions #1 and #2 and therefore differ fr
most other studies of DPOAE components~e.g., Brown
et al., 1996; Stoveret al., 1996; Siegelet al., 1998! in their
use of frequency-scaled stimuli~i.e., fixed f 2 / f 1!. According
to the analysis underlying the model~Shera and Guinan
1999!, distortion and reflection mechanisms yield quali
tively different phase behavior~i.e., nearly constant phase v
rapidly rotating phase! when emissions are evoked wit
frequency-scaled stimuli. Similar qualitative differences
phase are not found using other measurement paradigms
the underlying differences in mechanism can therefore
considerably less transparent. For example, much more r
phase rotation occurs when distortion emissions are m
sured using stimulus paradigms~e.g., fixedf 1 , fixed f 2 , or
fixed f dp! for which the cochlear wave pattern is not simp
translated along the cochlear partition~e.g., Kimberleyet al.,
1993; O’Mahoney and Kemp, 1995; Sheraet al., 2000!. Un-
mixing DPOAEs measured using constantf 2 / f 1-ratio
sweeps, rather than one of the more common alterna
paradigms, thus greatly facilitates recognition of the t
emission mechanisms. By increasing the difference in ph
slope between the distortion- and reflection-source com
nents, our use of frequency-scaled stimuli also facilitates
mixing of the two components using spectral smooth
~time windowing! by maximizing the separation between t
two components when the data are transformed into the
tency domain’’ using Fourier analysis.

Our tests of Prediction #2 contrast sharply with the fin
ings of Brownet al. ~1996!, who performed a DPOAE un
mixing analysis using a smoothing technique and compa
the resulting ‘‘DP residual’’~their analog ofPdp

R ! to measure-
ments of SFOAEs. Although they noted similarities in t
phase slopes, they found ‘‘little correspondence in the m
nitude across frequency of the DP residual and SF@OA#E.’’
Their reported discrepancy between emission compon
conflicts with earlier work~Kemp and Brown, 1983!, which
found at least qualitative agreement between the SFOAE
the DPOAE component believed to originate at t
633 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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distortion-product place~as obtained, in this case, using
suppression paradigm!. In contrast with these results, we fin
excellent agreement, both between DPOAE components
mixed via different paradigms and betweenPdp

R and corre-
sponding SFOAEs. Unfortunately, Brownet al. ~1996! do
not specify their smoothing algorithm in the detail necess
to enable a direct comparison with our method.13 We note,
however, that in our experiments the addition of t
f 1-primary mimicker often improved the agreement betwe
the magnitudes ofPdp

R andPsfe considerably~cf. Fig. 5!. This
result indicates that suppressive and other effects of the
maries onPdp

R must be taken into account in any such co
parison.

C. Region of validity of the two-mechanism model

The tests of Predictions #1 and #2 reported here,
gether with more limited data at other~low to moderate!
primary levels and at frequency ratiosf 2 / f 1 in the range
1.1–1.3, establish the validity of the two-mechanism mo
in humans for the DPOAE measurement parameters in c
mon use@i.e., low to moderate sound-pressure levels w
L1>L2 and primary frequency ratiosf 2 / f 1'( f 2 / f 1)optimal#.
Knight and Kemp~2000a! provide a test of Prediction #1
over a broad range of frequency ratios (1.01< f 2 / f 1<1.5) in
an unmixing analysis of their stunning$ f 1 , f 2%-area map
~Knight and Kemp, 2000b!. Their results, based on time win
dowing of DPOAEs measured using primary levelsL15L2

570 dB SPL, are consistent with the two-mechanism mo
and indicate that the relative amplitudes of the compone
Pdp

D and Pdp
R vary systematically withf 2 / f 1 . Whether Pre-

diction #2 also applies over a similarly broad range of p
rameter values remains an important open question.

Described and tested here in the frequency domain, P
diction #1 of the two-mechanism model evidently also a
plies in the time domain. Combining phase-rotation aver
ing ~Whiteheadet al., 1996! with an elegant pulsed-primar
technique, Talmadgeet al. ~1999! provide strong support for
model predictions that amount, in effect, to time-doma
analogs of Prediction #1. Since the responses involved a
in a nonlinear system, this conclusion is nontrivial. Tim
domain tests of Prediction #2 await further experiment.

The validity of the model at high intensities also remai
to be investigated. For example, at higher levels of intra
chlear distortion, the emission evoked by the forwa
traveling distortion component may contain, in addition
contributions from coherent reflection, significant ener
from distortion-source waves created by nonlinear distort
~e.g., Withnell and Yates, 1998!. Furthermore, the two emis
sion sources may also begin to mix in ways more com
cated than simple linear summation.14 For example, the
strength of the micromechanical impedance perturbati
that scatter the traveling wave may depend on the local
plitude of basilar-membrane vibration.

D. Methods of unmixing

Our success at unmixing using two completely differe
methods~suppression and smoothing! demonstrates the ro
bustness of our conclusions to the method of unmixing. T
633R. Kalluri and C. A. Shera: DPOAE source unmixing
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two methods unmix in very different ways, and the syste
atic errors each introduces are presumably quite differ
Whereas the suppression method separates compo
based on their differential modification by an external to
the spectral-smoothing~or time-domain windowing! method
separates components based on latency in the ‘‘time-dom
response’’ obtained using Fourier analysis.15 Despite these
differences, the two methods unmix the total emission i
rather similar components~at least forf 2 / f 151.2 and low to
moderate primary levels!.16 Whether the two methods yiel
similar results at otherf 2 / f 1 ratios and/or at higher stimulu
levels remains an important open question. Differences
tween the methods would not be surprising atf 2 / f 1 ratios
close to 1—although the spectral-smoothing method does
depend on spatial separation of source regions in the coc
the ability of the suppression method to selectively elimin
one of the sources presumably deteriorates as the
sources draw closer to one another asf 2 / f 1 approaches 1.

An advantage of the spectral-smoothing method is tha
requires measurement of only a single quantity~namely,
Pdp, whereas the suppression method requires bothPdp and
Pdpusuppressed!. Unlike the suppression method, the smooth
method therefore allows each measurement ofPdp to serve as
its own control against possible systematic changes~e.g.,
variations in overall emission level due to efferent effec!
that may occur during the course of the measurement. In
suppression studies reported here, we sought to minim
these potential problems by interleaving measurement
Pdp and Pdpusuppressedin time. Although the spectral smooth
ing method depends only onPdp, it requires knowledge of
Pdp at multiple frequencies. Indeed, the method works bes
applied to measurements that span a relatively wide
quency range~i.e., many periods of the microstructure! with
good frequency resolution~i.e., many points per period!. In
addition, because of uncertainties introduced near the
points due to incomplete knowledge ofPdp outside the mea-
sured interval, the smoothing method requires measurem
over an interval slightly larger than the desired frequen
range. The suppression method, by contrast, imposes no
constraints; suppression unmixing requires measuremen
Pdp andPdpusuppressedonly at the actual frequency~or frequen-
cies! of interest.

E. Implications of unmixing DPOAEs

Uncontrolled mixing may be a substantial source
subject-dependent variability in DPOAE measurements.
deed, our results imply that the interpretation of DPOA
responses appears doubly confounded. First, DPOAEs
mixtures of emissions originating from at least two differe
regions in the cochlea. This ‘‘spatial blurring,’’ now widel
recognized, compromises the frequency selectivity
DPOAE measurements~e.g., Heitmannet al., 1998!. Second,
DPOAEs are mixtures of emissions arising by fundament
different mechanisms. This ‘‘mechanistic blurring,’’ esta
lished here, compromises the etiological specificity
DPOAE measurements. For although both distortion- a
reflection-source emissions share a common dependenc
propagation pathways from the cochlea to the ear canal,
are therefore both sensitive to modifications of that pathw
634 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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~e.g., to middle-ear pathology or to reductions in cochle
amplification caused by damage to outer hair cells!, their
respective mechanisms of generation—and hence their
pendence on underlying parameters of cochlear mechani
remain fundamentally distinct. For example, where
distortion-source emissions presumably depend on the f
and magnitude of cochlear nonlinearities~e.g., on the effec-
tive ‘‘operating point’’ along hair-cell displacement-voltag
transduction functions!, reflection-source emissions depen
strongly on the size and spatial arrangement of microm
chanical impedance perturbations~e.g., on variations in hair-
cell number and geometry!. Distortion-product unmixing, us-
ing techniques such as those employed here, should there
improve the power and specificity of DPOAEs as noninv
sive probes of cochlear function.
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APPENDIX MEASUREMENT METHODS

This Appendix describes in more detail the metho
used to obtain the emission measurements reported her

1. Measurement of DPOAEs

Distortion-product otoacoustic emissions at the f
quency 2f 1– f 2 were measured using frequency-scal
stimuli ~i.e., with the ratio f 2 / f 1 held constant!. At each
measurement frequency the acoustic stimulus had the fo

~A1!

where X represents a periodic (534096)-sample~'342
ms17! segment consisting of three components:

X5H p1
1P2

1P3
1p4

1p5
1p6

1P7
1p8

1 ~primary earphone #1!
p1

2P2
2p3

2p4
2p5

2P6
2P7

2p8
2 ~primary earphone #2!

o1O2O3^4s5S6S7&8 ~suppressor earphone!
.

~A2!

Each component consisted of four long intervals~uppercase!
and four short intervals~lowercase and angled brackets!. The
long intervals were each 4096 samples~'68 ms! in duration.
The primary segments,P i

1 and P i
2, contained an integra

number of periods of the primary frequencies,f 1 and f 2 ,
respectively. The suppressor segments,S i , contained an in-
tegral number of cycles of the suppressor frequency,f s . The
zero segments,Oi , were identically zero throughout. Wave
form phases were adjusted, using information from the c
bration procedure, so that each stimulus had zero~cosine!
phase in the ear canal at the beginning of segmentP2 . The
short intervals were one fourth the duration of the long
tervals~i.e., 1024 samples or'17 ms! and did not, in gen-
634R. Kalluri and C. A. Shera: DPOAE source unmixing
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eral, contain an integral number of periods of the cor
sponding waveform. The short intervalsp i , s i , and o1

allowed for response settling time and contained segmen
the primary, suppressor, or zero waveforms, respectiv
The short intervals$^4 ,&8% were used to ramp the suppress
tone $on, off% using the$first, second% half of the Blackman
window. The three components ofX were synchronized and
presented simultaneously through three separate earph
Note that whereas the primary tones played continuou
during the measurement, the suppressor tone cycled on
off repeatedly due to alternation of the zero and suppre
waveforms. Interleaving the measurements ofPdp and
Pdpusuppressedin this way helps to minimize possible artifac
due to systematic variations over time~e.g., due to subjec
movement, drifts in earphone calibration, efferent feedba
etc.!. Unless otherwise noted, the primary levels$L1 ,L2%
were $60, 45% dB SPL, respectively. Primary levels we
chosen in approximate accordance with the formulaL1

'0.4L2139 dB SPL, which tracks the ‘‘ridge’’ in theL1L2

plane that maximizes the 2f 12 f 2 emission for f 2 / f 1'1.2
~Kummeret al., 1998!.

Measurements were made versus probe frequency
sweeping the primaries and suppressor from high frequen
to low, with f s5 f dp1D f s and D f s5244 Hz. The periodic
segmentsX were played repeatedly untilM artifact-free re-
sponses were collected. In these measurements,M was typi-
cally 64 so that at each frequency the total stimulus dura
was therefore*643342 ms'22 s. To reduce unwante
transients the probe waveform was ramped on and off
pre- and postpending two additional segments@indicated by
the angled brackets, and. in Eq. ~A1!# with envelopes of
half Blackman windows with 2.5-ms rise and fall times. A
ter digitizing the resulting ear-canal pressure, responses t
primary-alone segments~i.e., all segmentsP2 andP3! were
averaged to formYp ; similarly, the responses to a
probe1suppressor segments~i.e., all segmentsP6 and P7!
were averaged to formYp1s. From these averaged respon
waveforms, the complex amplitudes of thef dp components
of the ear-canal pressure, denotedPdp5Pec( f dp) and Pdp

D

5Pec( f dp)e
22p iDNDT fdpusuppressed, were extracted using Fou

rier analysis. The complex exponential compensates for
phase shift in the probe due to the time interval,DNDT,
between the primary-alone and primary1suppressor seg
ments. Here,DT is the sampling interval~reciprocal of the
sampling rate!, andDN represents the total number of the
intervals that separate the two segments:

DN5#samples~P2P3p4p5!52 1
234096510 240.

~A3!

Note that when the two segments are separated by an int
number of periods of thef dp waveform, the phase shif
modulo 2p is zero. The complex quantityPdp

R ( f dp) was then
obtained as

Pdp
R 5Pdp2Pdp

D . ~A4!

2. Measurement of SFOAEs

Stimulus-frequency emissions were measured using
suppression method detailed elsewhere~Shera and Guinan
635 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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1999!. In some experiments, we measured SFOAEs in
presence of an additional continuous tone~the ‘‘ f 1-primary
mimicker’’! at a frequency and level corresponding to thef 1

primary in the measurement of DPOAEs detailed above.
At each measurement frequency the acoustic stimu

had the form given by Eq.~A1!, with X representing a peri-
odic (534096)-sample~'342 ms! segment consisting o
three components:

X5H p1P2P3p4p5P6P7p8 ~probe earhone!
o1O2O3^4s5S6S7&8 ~suppressor earphone!

m1M2M3m4m5M6M7m8

~primary-mimicker earphone!

. ~A5!

Each component consisted of four long~uppercase! and
four short ~lowercase and angled brackets! intervals. The
long intervals were each 4096 samples~'68 ms! in duration
and contained an integral number of periods of the pro
(P i), suppressor (S i), zero (Oi), or primary mimicker (Mi)
waveforms, respectively. The phase of the probe wavefo
was adjusted, using information from the calibration proc
dure, so that the stimulus had zero~cosine! phase in the ear
canal at the beginning of segmentP2 . The short intervals
were one fourth the duration of the long intervals~i.e., 1024
samples or'17 ms! and did not, in general, contain an in
tegral number of periods of the corresponding wavefor
The short intervalsp i , s i , o1 , andm i allowed for response
settling time and contained segments of the probe, supp
sor, zero, and mimicker waveforms, respectively. The sh
intervals$^4 ,&8% were used to ramp the suppressor tone$on,
off% using the$first, second% half of the Blackman window.
The three components ofX were synchronized and presente
simultaneously through three separate earphones. Note
whereas the probe and primary mimicker tones played c
tinuously during the measurement, the suppressor t
cycled on and off repeatedly due to alternation of the z
and suppressor waveforms. The probe and suppressor le
$Lp ,Ls% were generally$40, 55% dB SPL. The primary mim-
icker was presented at a frequency and level correspon
to the f 1 primary in the measurement of DPOAEs~i.e., at a
frequency equal tof 15 f p /(22r ), wherer denotes thef 2 / f 1

ratio we wished to mimic, and a typical level of 60 dB SPL!.
Other features of the stimulus paradigm and the sub

quent data analysis used to computePsfe
1 are analogous to the

measurement of DPOAEs detailed above and have been
scribed elsewhere~Shera and Guinan, 1999!.

1Note that for brevity this simple synopsis neglects contributions to the t
reflection-source emission arising from multiple internal reflection with
the cochlea~i.e., from multiple cycles of partial reflection at the stapes a
linear coherent reflection within theR region!.

2In a nutshell, the theory says that given ‘‘almost any’’ arrangement
micromechanical impedance perturbations~i.e., an arrangement with the
appropriate spatial-frequency content, such as perturbations that are
domly and densely distributed!, a model will produce realistic reflection
emissions whenever the peak region of the traveling wave has a slo
varying wavelength and an envelope that is simultaneously both tall
broad.

3Some differences~e.g., in phase! betweenPdp
R and Psfe are, of course,

expected because the initial sources of forward-traveling cochlear wav
the emission frequency are at different spatial locations in the two ca
~i.e., at the distortion-source region,D, for Pdp

R , and at the stapes forPsfe!.
4We put ‘‘latency-domain response’’ in quotes because the signal we ob
635R. Kalluri and C. A. Shera: DPOAE source unmixing
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by Fourier transforming the frequency response does not correspond
the time-domain impulse response of the system.

5The minus sign in Eq.~11! has the effect of converting a forward Fourie
transform ~with respect ton! into an inverse transform~with respect to
log f/fref!. We work with forward Fourier transforms~with respect ton! for
conceptual and numerical convenience.

6Measurements of tone-burst-evoked OAE and ABR latency~Neely et al.,
1988!, as well as measurements of SFOAE group delay~Shera and Guinan
2000a!, all indicate a gradual breaking of scaling symmetry in the ba
turns of the mammalian cochlea. For near-optimal compensation
traveling-wave dispersion, the measurements suggest working with
variable2Af / f ref ~see also Sheraet al., 2000!.

7Our t scale differs from the time scale employed by Knight and Ke
~2000b!, who apply a log-frequency transformation and plot the result
Fourier transforms against an axis they call ‘‘normalized time.’’ Their n
malized time has units of milliseconds and was computed based on
mean frequency step size in the log-frequency scale. The two scales
by a multiplicative factor inversely proportional to the geometric me
frequency of the analyzed data.

8Note that unlike the more familiar case of time-domain filtering, the os
latory function to be removed occurs here in the frequency response.
reversal of the roles usually played by time and frequency, the techn
used here is similar to cepstral analysis~Bogertet al., 1963!, although we
work with a log-frequency variable,n, and analyzePdp rather than
log(Pdp). @In cepstral analysis, one takes the logarithm of the freque
response in order to decompose a presumed product of spectra into a
In our application, the pressurePdp is represented directly as a sum o
components~Prediction #1!; taking the logarithm is therefore both unne
essary and undesirable.#

9To perform our transforms numerically, we resampled our measuremen
Pdp at equal intervals in log frequency using cubic spline interpolati
Because our sampling rate was variable, our measurements ofPdp were not
equally spaced in linear frequency.

10The nth order recursive-exponential filtering window is defined by~Shera
and Zweig, 1993a!

Ŝn(t;tcut)[1/Gn(lnt/tcut),
where the parametertcut is the cutoff time~length of the window! and the
function Gn(t) is defined recursively:

Gn11(t)5eGn(t)21, with G1(t)5et2
.

The windowŜn(t;tcut) has a maximum value of 1 att50; the scale factor
ln is chosen so that the window falls to the value 1/e at t5tcut:

ln5Agn, wheregn115 ln(gn11) with g151.
Note that the first-order filtering window is a simple Gaussian; in the li
n→`, Ŝn approaches a rectangular~or boxcar! window. For intermediate
n ~e.g., the valuen510 used here!, Ŝn has a much sharper cutoff tha
standard windowing functions~e.g., the Hamming, Blackman, etc.! and
considerably less ‘‘ringing’’ in the smoothing function than the simp
boxcar.

11The smoothing function has approximate width~Shera and Zweig, 1993a!
Dn5D f / f >1/ptcut .

12The quantitiesd and r are thus analogous to the osculating parame
used in the theory of linear differential equations~e.g., Mathews and
Walker, 1964!.

13To smooth their frequency-domain measurements, Brownet al. ~1996!
used a 101-point moving average~evidently tailored to a frequency spac
ing between points of approximately 1.2 Hz! but fail to specify the shape
of their smoothing function. If all points in the moving average we
weighted equally~i.e., if the smoothing function were rectangular!, the
corresponding time-domain window, a sinc function, would have b
nonmonotonic, oscillating about zero with a period of roughly 8.25 m

14We are reminded here of the dialectic described by Levins and Lewo
~1985!: ‘‘A necessary step in theoretical work is to make distinctions. B
whenever we divide something into mutually exclusive and jointly a
encompassing categories, it turns out on further examination that t
opposites interpenetrate.’’

15To unmixPdp into two components we used a window with a ‘‘low-pass
characteristic in the time domain. The technique is easily generalize
the unmixing of multiple components with different latencies~e.g., by
using multiple ‘‘bandpass’’ windows centered at different latencies o
succession of ‘‘low-pass’’ windows with different cutoffs!.

16Working with SFOAEs at low stimulus levels, Shera and Zweig~1993a!
established a similar equivalence between SFOAEs extracted using
636 J. Acoust. Soc. Am., Vol. 109, No. 2, February 2001
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vector-subtraction method~Kemp and Chum, 1980! and the method of
spectral smoothing. The vector-subtraction method exploits the nonli
saturation of the SFOAE—or ‘‘self-suppression’’ of the traveling wa
~e.g., Kanis and de Boer, 1993!—at higher stimulus levels.

17Because we varied our sampling rate between measurement points, c
sponding stimulus durations varied by up to63%.
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