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It is important to know what cues the sensory system extracts from natural stimuli and how the brain
uses them to form perception. To explore this issue, Smith, Delgutte, and Oxdetore
(London 416 87-90(2002] mixed one sound’s temporal envelope with another sound’s fine
temporal structure to produce auditory chimaeras and found that “the perceptual importance of the
envelope increases with the number of frequency bands, while that of the fine structure diminishes.”
This study addressed two technical issues related to natural cochlear filtering and artificial filter
ringing in the chimaerizing algorithm. In addition, this study found that the dichotomy in auditory
perception revealed by auditory chimaeras is an epiphenomenon of the classic dichotomy between
low- and high-frequency processing. Finally, this study found that the temporal envelope determines
sound location as long as the interaural level difference cue is present. The present result reinforces
the original hypothesis that the temporal envelope is critical for speech perception whereas temporal
fine structure is critical for pitch perception, but does not support the assertion regarding the
temporal envelope and fine structure as the acoustic basis for the “what” and “where” mechanisms.
© 2004 Acoustical Society of AmericdDOI: 10.1121/1.1777938

PACS numbers: 43.64.Sj, 43.66.Ba, 43.66[HyVG] Pages: 1351-1354

I. INTRODUCTION the role of the fine structure cue with a few frequency bands
(e.g., 1 and 2 The other issue is related to a filter ringing
Classical dichotomies in auditory perception includeartifact that may have contributed to an over-interpretation of
pitch encoding with temporal and spectral ciegklider,  the role of the envelope cue with a large number of fre-
1951), sound localization with interaural time and level dif- quency bandge.g., 32, 48, and 64 In addition, we take
ferencegRayleigh, 1907, and listening with either the “au- issue with the generality of Smitét al’s assertion that the
ditory” or “speech” mode (Liberman and Mattingly, 1989  temporal envelope and fine structure are the acoustic basis of
Recently, Smithet al. (2002 showed a new dichotomy in “what” and “where” cortical mechanisms.
auditory perception between temporal envelope and fine
structure cues. They first digitally filtered a wideband signal; enNvVELOPES RECOVERED BY COCHLEAR
(80—8820 Hz into 1-64 frequency bands and then used ther) TERING
Hilbert transform to decompose the band-limited signal into ]
a slowly varying envelope component and a fast varying ~ SMith etal. (2009 found 70%-90% correct perfor-
fine-structure component. To assess relative contributions dfance for chimaeric sounds with one- or two-band speech
temporal envelope and fine structure to auditory perceptiodin€ structure and noise envelope. This result was reminis-
they produced “auditory chimaeras” by mixing one sound’s €Nt of the classical work by Licklider and Pollack948
envelope with another sound’s fine structure. By conductinghoWing that infinite amplitude clipping had minimal effects
listening tests with the chimaeric sounds, they found that th@n SPeech recognition. Because both the noise envelope in
envelope is most important for speech reception, and the fin'€ SPeech-noise chimaeric sound and the envelope in the
structure is most important for pitch perception and soundnfinitely clipped speech were relatively flat, the good speech
localization. performance appeared to suggest a significant contribution of
Smith et al’s (2002 report has generated much interestf‘he fing structure to speech inteIIigibiI'ity. This suggestion is
in the field and already stimulated several new studies ifnconsistent with previous work showing that the fine struc-
speech perceptiofiXu and Pfingst, 2003and in cochlear tUre with flattened-oct ba_md tgmp_(_)ral envelopes contnputed
implants (Hong et al, 2003; Litvak et al, 2003. Here we ~ Only about 17% speech intelligibiliyDrullman, 1993. This
address two technical issues in Sméhal’s chimaerizing inconsistency lies in the auditory filter’s ability to recover the
algorithm. One issue is related to an over-interpretation ofl@row-band speech envelope from the broad-band speech
fine structure(Ghitza, 2001
To demonstrate the auditory filter’s ability to recover the

@Portions of this work were presented at the 26th Midwinter Meeting of the ;
Association for Research in Otolaryngology, Daytona Beach, FL, 2003. narrow-band SpeeCh enVEIOpe’ Fig. 1 shows the output of the

bAddress correspondence to University of California, 364 Med Surge Il,9ammachirp aUdit(_)ry filterglrino and Patterson, 2001in
Irvine, CA 92697-1275. Electronic mail: fzeng@uci.edu response to the original speebp panel as well as to the
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FIG. 1. Narrow-band envelopes derived from the output of 16 gammachirpFIG' 2. Waveforms(eft panel§ and their Fourier amplitude spgct(nght
filters in response to the original speech “A boy fell from the windotdp panel$ at the output of selective bandabeled by the number displayed to

pane) and the one-band chimaeric sound with the speech fine structure antcrj]e Ieft_ of the waveform panelin a 64-band processor in response to two
the noise envelopébottom panel Numbers displayed to the left of the sinusoids at 25Qtop panels and 8600 Hz(bottom panels The spectral

panels represent different frequency bands. Numbers displayed to the rigHF ;k g:msr?to V\ﬁ\?lénatgc(;it}gﬁ;lghetaflgsursEﬁtlissriﬁéﬁzt?é;IthirgrioioHvi tsélrﬁiulﬁs
of the top panel are correlation coefficients between the original speech al pone . peak: Y . Y 9n.
the chimaeric sound’s narrow-band envelopes. fequencies representing the ringing at each band’s center frequency. Simi-

larly, the spectral peak at 8600 Hz in the bottom-right four panels represents
the stimulus while the additional peaks represent ringing artifacts.

one-band chimaerized stimulus with the noise envelope bU(Eritical for speech recognitiofVan Tasellet al,, 1987; Drul-
the speech fine structuréottom panel The chimaeric Iman, 1995; Shannoet al, 1995.

sound’s narrow-band envelopes were significantly correlated

with the original speech envelopes with the mean coefficient

of 0.44 from all 16 bands and a range from 0.68 at the higH“- ARTIFICAL FINE STRUCTURE INTRODUCED BY
frequency band to 0.15 at the intermediate frequency ban(!i:,”‘-rER RINGING

suggesting that the auditory filters could at least partially ~ Smithet al. (2002 observed a contribution of the enve-
recover the original narrow-band speech envelope from thepe to pitch recognition only with a large number of fre-
one-band speech fine structure. To quantify the contributioguency bandse.g., 48 and 64 We found this result counter

of the recovered narrow-band speech envelopes, we additiointuitive. Consider the following simplistic case in pitch per-
ally amplitude modulated them to noise having the sameeption, namely chimaerizing two sinusoids. In this case, the
bandwidth as the original gammachirp filté&hannoret al,  Hilbert envelope of a sinusoid is the amplitude and its Hil-
1995 and measured their performance using the HINT senbert fine structure is the cosine of the phase of the analytic
tenceg(Nilssonet al,, 1994 in four normal-hearing subjects. signal[ cos(27ft)], with frequency being the only difference
The mean percent correct score was 7@B=9%) for the  between the two sinusoids. To the extent that pitch is related
original one-band chimaerized sound, similar to the 70%o frequency, amplitudé.e., temporal envelopeshould not
score obtained in the Smitt al. study. However, we found determine the pitch of a sinusotdwhy then could Smith

a mean score of 40¥8D=12%) for the additionally synthe- et al. come to the conclusion that pitch is determined by the
sized sound, suggesting that the recovered envelope coutthvelope with the large number of bands?

account for at least half of the performance from the one-  Figure 2 shows the waveform and its Fourier spectrum
band chimaerized sound that contained the speech fine struat the output of a few selected bandke total number of
ture and the noise envelope. Therefore, taking cochlear filbands=64) in response to a sinusoid at either 250 iap
tering into account, the present result has effectivelypanel$ or 8600 Hz(bottom panels In the top panels, the
removed the number of bands as a significant factor and1th band had a center frequency of 258 Hz and expectedly
reinforced the original idea that the temporal envelope igproduced the largest response to the 250-Hz sinusoidal
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stimulus. The other bands’ responses were much smaller 3
(hardly seen in the waveforniout contained both the leaked
stimulus at 250 Hzthe peak aligned to that in the 11th band 21
as well as the ringing located at the filter’s center frequency :
(the additional peak whose position systematically increased
with the band numberThe same pattern can be observed for [
the filter responses to the 8600-Hz sinusoidal stimulus. 01 1 T“\s-_-_%
When chimaerizing between the two sinusoids, the large
envelope in the band that contained the stimukeg., the A - . . - -
64th band containing the 8600 Hz sinusowbuld be com- 100
bined with the fine structure in the same band in response to o 5“*\%_‘_4____
the 250-Hz sinusoid, which had a dominant component at the
ringing frequency of 8565 Hz. This ringing frequency was 60
close enough to 8600 Hz, resulting in an impression that the
envelope determines pitch when the number of frequency
bands is large as reported by Smihal. (2002. With a
large number of bands, the difference is small between the
ringing frequency and the original signal frequency, making 0 . * . - T

the differentiation between Smitt al’s envelope argument 200 40 %0 160 920
Cutoff frequency (Hz)

and the present ”ngmg ar_gument_ Sgbtl? I_n a practical SenSErG. 3. Lateralizationtop panel and intelligibility (bottom panel results
HOW(?VGT, th_e theoret]cal d|ﬁere_nt|at|0n IS Important bec?-USQrom 16-band chimaerized sounds as a function of cutoff frequency for
the ringing is primarily determined by the filter properties, low-pass(filled circles and high-pasgopen trianglesfilters. The averaged

such as the center frequency and the bandwidth having notgata from three normal-hearing subjects are represented by symbols while
; the error bars represent plus or minus one standard deviation. In the top

'ng to, do with the OI’IgInal' S|gnal; We,SUQQeSt that the databanel, the “3” on they axis represents the subject’'s complete lateralization
showing dependence of pitch perception on the temporal eno the right ear while the “0” represents the center position. The intelligi-
velope obtained by Smitket al. at these large frequency bility scores are a percentage of the key words correctly identified.

bands(32—-64 are an artifact of filter ringing.

Lateralization
’
’
7
,I
H—
,I

40 4

Intelligibility (% correct)

20

. N . even with the 200-Hz high-pass condition, in which the sub-
B/IICI\—c\g-'TEORI\/T:Y’;/ERSUS WHAT": A NEW OR OLD jects only slightly lateralizedscale=1) to the right ear. A
’ repeated-measure ANOVA confirmed that the difference be-
Smith et al. (2002 showed a dichotomy in speech rec- tween the low- and high-pass conditions was significant
ognition and sound localization by presenting chimaerid F(1,2)=135.32p<0.01]. This result suggests that lateral-
speech sounds with either a 7@8-delayed envelope or fine ization using the ITD cue in the present chimaeric sound is
structure. With the 16- and 32-band conditidtiseir Fig. 4, essentially a low-frequency phenomenon.
they clearly demonstrated that the envelope cue is important Note a totally different pattern of results for the intelli-
for speech recognition and the fine-structure cue is importargibility data, in which those low-frequency components
for sound localization, revealing a possible acoustic basis fo(<800 H2 that dominated lateralization contributed essen-
the hypothesized “what” and “where” pathways in the au- tially nothing to speech intelligibilitfsee the three leftmost
ditory cortex (Tian et al., 2001). This result is provocative filled circles representing 200-, 400-, and 800-Hz low-pass
but lacks the necessary generality to support its assertion. cutoff frequencies On the contrary, it was the high-
First, to examine what acoustic cues were responsiblérequency components that contributed to speech intelligibil-
for the observed dichotomy in the Smi#t al. results, we ity. Thus the present low-pass and high-pass filtering data
used an identical algorithm and procedure to measure thelearly demonstrate that the perceptual dichotomy between
intelligibility and localization of an exemplary condition in the temporal envelope and fine structure cues observed in the
the Smithet al. (2002 study, in which one sentence’s enve- Smith et al. (2002 study was due to the well-known differ-
lope was mixed via a 16-band chimaerizer with another senence between the use of the low-frequency ITD cue for lat-
tence’s fine structure that had a 708-ITD (leading in the eralization and the use of the high-frequency cue for intelli-
right ea). In addition, we processed those stimuli by thegibility (Rayleigh, 1907; French and Steinberg, 1947;
classic low- and high-pass filteringixth-order Butterworth Oppenheim and Lim, 1981
filters). Figure 3 shows averaged lateralizatiiop pane) Second, to directly test the generality of Sméhal’s
and intelligibility (bottom panel data as a function of the assertion relating the temporal envelope and fine structure to
cutoff frequency for low-passfilled circles and high-pass the “what” and “where” mechanisms, we constructed two
(open trianglek filtering of the chimaeric sound in three chimaeric stimuli that contained either a 15-dB ILD cue or
normal-hearing listeners. Note first in the low-pass conditiorconflicting ITD and ILD cues extracted from head-related
that the subjects used mostly the ITD cue in the fine structur&ransfer function.The ILD cue reflects an overall level dif-
to lateralize to the right ear. Note second in the high-pasgerence that is inherently embedded in the temporal enve-
condition that the subjects did not use the ITD cue in the findope, whereas the ITD cue in naturally embedded in the tem-
structure but rather the ILD cue in the envelope to lateralizeporal fine structure. Figure 4 shows the effect of the ILD cue
the sound(i.e., a center position in the head his was true on lateralization with the ITD cue towards either Iéfop
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TD=L/LD=0 ITD=0/LD=R [TD=L/LD=R envelope and fine structure as the acoustic basis for “what”

3 and “where” mechanisms.
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s !t is noted that actual pitch perception of a pure tone is dependent on

frequency as well as amplitudStevens, 1935 However, this amplitude-

FIG. 4. Lateralization result for the ITD-only cugeft barg, the ILD-only dependent change in pitch is generally snfalll0%) and requires a large
cue(middle barg, and the conflicting ITD and ILD cuéeft barg. The top change in amplitudé~40 dB).

panel shows results from a condition where the ITD cue is either left or2The head-related transfer functiGiRTF) was provided by Ruth Litovsky
neutral whereas the bottom panel shows the result from a condition whereyng recorded in a human manikin. One sentence was convolved with a
the ITD cue is either right or neutral. The data are averaged from five HRTF recorded from the right ear whereas another sentence was convolved
normal-hearing subjects with the error bars representing plus or minus ongyith a HRTF recorded from the left ear. Chimearizing these two HRTF-
standard deviation. convolved sentences produced the stimuli used in Fig. 4, in which they
contained conflicting ITD and ILD cues.
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