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Studies in neurophysiology and in psychophysics provide evidence for the existence of temporal
integration mechanisms in the auditory system. These auditory mechanisms may be viewed as
“detectors,” parametrized by their cutoff frequencies. There is an interest in quantifying those cutoff
frequencies by direct psychophysical measurement, in particular for tasks that are related to speech
perception. In this study, the inherent difficulties in synthesizing speech signals with prescribed
temporal envelope bandwid#t the output of the listener’s cochléave been identified. In order to
circumvent these difficulties, a dichotic synthesis technique is suggested with interleaving
critical-band envelopes. This technique is capable of producing signals which generate cochlear
temporal envelopes with prescribed bandwidth. Moreover, for unsmoothed envelopes, the synthetic
signal is perceptually indistinguishable from the original. With this technique established,
psychophysical experiments have been conducted to quantify the upper cutoff frequency of the
auditory critical-band envelope detectors at threshold, using high-quality, wideband speech signals
(bandwidth of 7 kHz as test stimuli. These experiments show that in order to preserve speech
quality (i.e., for inaudible distortions the minimum bandwidth of the envelope information for a
given auditory channel is considerably smaller than a critical-band bandaiighly one-half of

one critical bang Difficulties encountered in using the dichotic synthesis technique to measure the
cutoff frequencies relevant to intelligibility of speech signals with fair quality levelg., above

MOS level 3 are also discussed. @001 Acoustical Society of America.
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I. INTRODUCTION centered at frequencies that are one octave &panh 125 to

Studies i hvsiol di hophvsi 8000 H2, with 14 modulation frequencig®.63 to 12.5 Hz,

_ Studies in neurophysiology and In psychophysics proy, ,ne.third-octave stepg Note that the range of center fre-
vide evidence for the existence of temporal integration

. ) . ; guencies covers the frequency range used in speech commu-
mechanisms in the.auqnory syste{qng., Eddins and Grgen, .nication, and that the range of the modulation frequencies
1995. The neural circuitry that realizes these mechanisms IS overs the time constants of the articulatory mechanisms

y_et o be u“nderstood.”At the Ieas_t » WE May view thes_e meChEEL‘Ised by the human speaKerhe high correlation of STI and
nisms as “detectors,” characterized in part by their Iower-S eech intelligibility scoreéSteeneken and Houtgast, 1980
and upper cutoff frequencies. These cutoff frequencies detep? gty gast,

mine which part of the input information that is present at theand the fact that STl is based upon MTFs, raises the question

auditory-nerve(AN) level is perceptually relevant. Hence, it whether auditory detectors active in the speech intelligibility

is important to quantify these frequencies, particularly fortask.have a cutoff frequency of the order of 12.5(He., the
tasks that are related to speech perception. maximum modulation frequency in Steeneken and Houtgast,

Two recent studie@Drullmanet al., 1994 and Chet al,, 1980. In Drullman et al. (1.994)’ an attempt was_made to
1999 seem to provide psychophysically based estimates 0?55988 dthe. Fa]moun;f by. Wh'chh tem?oral mOdL."atloni can be
the cutoff frequencies of the auditory detectors involved ipféduced without affecting the performance in a phoneme

tasks related to speech intelligibility. These studies are in[dentification task. Results showed that temporal envelope

spired by the apparent ability of the speech transmission inSMoothing hardly affect the performance, even for cutoff fre-

dex (STI) to predict intelligibility scores for speech recorded AUéncy as low as 16 Hz. In Cetal. (1999, detection

in auditorium-like conditionge.g., Steeneken and Houtgast, thresholds were measured for spectral and temporal MTFs
1980. Recall that the STI is computed from the modulationUSing broadband stimuli with sinusoidally rippled profiles
transfer function§MTFs) of the transmission path between that vary with time. Results showed that temporal MTFs ex-
the location of the speech source and that of the microphon@.‘b't low-pass characteristics, with cutoff frequencies similar
An MTF is specified at a given frequency as the degree t¢0 those of Drulmaret al. (1994.

which the original intensity modulations are preserved at the A dguestion that emerges at this point is whether the psy-
microphone location. In Steeneken and Houtgast, 1980, thehophysical data obtained by these experiments, about the

MTFs are measured for 7 one-octave-wide noise carrierg@ndwidth of temporal MTFs, can also be considered as evi-
dence of the characteristics of the relevant auditory mecha-

aThis work was done while the author was with Bell Labs, Lucent Tech-nismsgi-e-' that they are Iow—pass in ne_lture, with cutoff fre-
nologies. guencies of about 16 HzAs shown in Sec. Il, such a
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(a) Original speech (440 ms long)
C T T

b) Filter's output (CF=2450 Hz)
T T

(c) Filter"s envelope
T

FIG. 1. From top to bottom(a) a 440-ms-long segment
of the original speecB(t); (b) the output signals;(t),

T of a critical-band filter centered at 2450 H@) the

envelopea;(t); (d) the smoothed envelof®(t) (low-
pass filtered toB=16 H2; and (e) the envelope-
smoothed critical-band signa(t). The ordinate of
(d) Low-passed (to 16 Hz) envelope panels(b) to (e) have the same scale. The ordinate of
[ T T i panel(a) has a different scale.

1 1 1 1 1 1

(e) Filter"s outplft —— smoothed
T

Time

conclusion is not permissible. This is so because the obmay be used to quantify the role of auditory mechanisms in
served psychophysical performance is, in part, a consespeech perceptiofe.g., Flanagan, 1980This is supported
guence of using signal-processing techniques which, for &y our current understanding of the way the auditory system
prescribed envelope bandwidth, produce synthetic signal@he periphery, in particulamoperates.
that generate internal auditory representations whose tempo- Let s(t) be the original speech signal, and $t) be a
ral envelopes are wideband signals, with envelope bandsandlimited signal resulting from filtering(t) throughh;(t)
widths as wide as one critical band. Therefore, while per-
forming the psychophysical experiments the human observer Si(O=s(t)*hi(t). @)
was presented with rich temporal envelope information, withHere, h;(t) is the impulse response of thth critical-band
a bandwidth much beyond the nominal value prescribed &flter and the operator represents convolution. We can ex-
the input. presss;(t) of Eqg. (1) as

In Sec. lll, the difficulties inherent in synthesizing
speech signals with prescribed temporal envelope bandwidth ~ Si(t) =ai(t)coséi(t), 2
at the output of the listener’s cochlea are identified. In ordefyhere a(t) is the Hilbert envelopd of s;(t), ¢:(t) is the
to circumvent these difficulties, a dichotisynthesis has Hipert instantaneous phadeof s;(t), and cosh(t) is the
been suggested with interleaving smoothed critical-band ercarrier of s;(t). We refer to the expression of E@) as “the
velopes. This technique has two desired capabilitiésit  envelope/carrier decomposition” af(t).
produces synthetic signals which generate cochlear temporal et 3,(t) be a filtered version o;(t), low-passed to

envelopes with prescribed bandwidth, ar@) for un-  some cutoff frequencyB. The envelope-smoothedritical-
smoothed envelopes, the synthetic signal is perceptually ilhand signal is defined as

distinguishable from the original. With this technique estab-

lished, psychophysical experiments have been conducted to  Si(t) =ai(t)cosg;(t), (€
quantify the upper cutoff frequency of the auditory critical- 50 the envelope-smoothed speech signal is defined as
band envelope detectors at thresh@ld., in the context of
preserving speech qualjtyusing high-quality, wideband
speech signalandwidth of 7 kHz as test stimul{Sec. IV).
Finally, in Sec. V, the difficulties encountered in using the
dichotic synthesis technique to measure the cutoff frequerwhereN is the number of critical bands.

cies relevant to intelligibility of speech signals with some  Figure 1 showgfrom top to bottom (a) a 440-ms-long

N

N
§t>=i§l Si(t)=, 3(t)cosd(t), (4

i=1

reasonable level of qualitysay, “fair"—or 3—on the MOS
scalé) are also discussed.

Il. TEMPORAL SMOOTHING AND SPEECH
INTELLIGIBILITY

segment of the original speed{t); (b) the output signal,
si(t), of a critical-band filter centered at 2450 Hz) the
envelopea;(t); (d) the smoothed envelog& (t), low-pass
filtered toB=16 Hz, and(e) the envelope-smoothed critical-
band signak;(t).

In Drullman etal. (1994, the envelope-smoothed

It is widely accepted that a decomposition of the outputspeech of Eq(4) was used to measure human performance
of a cochlear filter into a temporal envelope and a “carrier”in a phoneme identification task as a function of the cutoff
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(a) input to ﬁlterl(440 ms long) .

1 1 L I 1 1

(b) Filter"s outptft (CF=2450 Hz)I

;e‘vwm— FIG. 2. From top to bottom(a) Fig. 1(e), redrawn;(b)
- b the output signal of a critical-band filter centered at

. L : ! : : : 2450 Hz, for the input signal shown {@); (c) the en-
(c) Filter"s enve|’ope

T T T T T velope signal of the critical-band signal @f); and (d)
L MJ\/\/\/\/\/\/\/\/\/\/\/\NW comparison of the envelope signals of Figsc)land
2(c). Ordinate of all panels have the same scale.

(d) Filter"s envelope —- original vs. smeared
T T

1 1 ] 1 1 ]
Time

frequencyB of a low-pass filter representing the temporaltion of this finding is that the envelope-smoothed speech
smoothing. Results showed that performance was hardly asignal s(t) of Eq. (4) is inappropriate for the purpose of
fected by temporal envelope smoothing characterized by cumeasuring the cutoff frequency of the auditory envelope de-
off frequencies higher than 16 Hz. tector. This is so because, when listeningtt), the human

A question that emerges at this point is whether thes®bserver is presented with rich envelope information, much
findings can be considered as evidence that relevant auditolyeyond the nominal cutoff frequency of the smoothing filter.
mechanisms are low-pass in nature, with cutoff frequency of  The fact that filtering the smooth signal restores much of
about 16 Hz. This question stems from our current underthe nonsmoothed envelope appears to be somewhat unex-
standing of the relationship between the envelagg) of  pected. However, two theorems, one in the field of signal
the driving signal and the properties of the auditory-nerveprocessing and one in the field of communications, provide
firing patterns they stimulate. This understanding is better, iranalytic support to this finding. These theorems determine
particular, for AN fibers with high characteristic frequenciesthat: (1) For a bandlimited signas;(t) =a;(t)cosd¢;(t), the
(CF9,* where the synchrony of neural discharges to frequenenvelope signah;(t) and the phase signal;(t) are related
cies near the CF is greatly reduced, due to the physiologicdk.g., Voelcker, 1966 and(2) If ¢(t) is a bandlimited signal,
limitations of the inner hair cel(IHC) in following the car- and if cosg(t) is the input to a bandpass filtemote that the
rier information. At these frequencies, temporal informationenvelope of the input signal is a constant, ieg(t) = 1], then
is preserved by the instantaneous average rate of the neuthk filter’'s output has an envelope that is related¢id)
firings, which is related to the temporal envelope of the un<{e.g., Rice, 1978 A corollary to these theorems is that if we
derlying driving cochlear signdlls it correct to assume that, pass the envelope-smoothed signalt)=73;(t)cosd(t)
by presenting the listener with the envelope-smoothed signdhrough a bandpass filter, the bandwidth of the output enve-
3;(t)cosdi(t), the instantaneous average rate of the correlope is larger than the bandwidth &f(t) [where the extra
sponding stimulated AN fibers is also smoothed, limiting theinformation is regenerated from;(t)]. If the bandpass filter
bandwidth of the information available to the upper auditoryrepresents a cochlear filter, the bandwidth of the temporal
stages tdB? envelope information available to the listener is greater than
the nominal smoothing cutoff frequendy!

One clarification is noteworthy. The envelope signal of
Fig. 2(c) (representing the envelope at the listener’s cochlear
outpud exhibits both pitch modulations and articulatory

Such a conclusion would be justified if the processing ofmodulations. Recall that the articulatory modulatidiise
the speech signal would result in the signal of Fig) At the  main carrier of speech intelligibilifyof the input envelope
output of the listener’s cochlear filteiThis, however, is not signal were low-pass filtered #® (e.g., 16 HZz. A question
the case as illustrated in Fig. 2. FigurdPshows the output arises whether the envelope signal shown in Fi@) 2s
signal of a critical-band filter, identical to the one used inmainly composed of pitch modulatiofise., a secondary car-
Fig. 1, for the input signal shown in Fig(d). [For pictorial  rier of speech intelligibility, while the articulatory modula-
clarity, Fig. 1(e) is redrawn as Fig. @).] Figure Zc) shows tions are bandlimited t8, as intended. To answer this ques-
its envelope. Clearly, these signétsf Figs. 4b) and(c)] do  tion, recall that thgphase informatiorof the input signal is
not look at all like the smooth signals of Figseland (d), unsmoothed, comprising the unsmoothed articulatory modu-
respectively. Indeed, they look very much like the originallations and the unsmoothed pitch modulations. It is impos-
(nonsmootheydsignals of Figs. (b) and(c), respectively[To  sible to use the analytic expressions derived by Rice to iso-
highlight this point, a comparison of the envelope signals)ate the response of the filter to the articulatory modulations
Fig. 1(c) and Fig. Zc), is shown in Fig. 2&d).] The implica- from its response to the pitch modulatiori$his is so be-

A. The role of interaction between temporal envelope
and phase
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cause of the complexity of these expressipiffice it to -
say that even thou%h thB(/e articulatory Iionformation of the input Hy = a1 (t) cosn(t) ar(t)>) LP >y (t)
envelope signal was appropriately smootled)., to 16 Hz, . o L I PP
it still exists in its entirety in the input phase signal and, s(t) Hoy i e {l) voso U] dellim L Gl
therefore, will be regenerated as part of the envelope signa _
at the filter’s output. Hy - ax(t) cosga(t) az(t)+ LP > ax(t)

IIl. DICHOTIC SYNTHESIS WITH INTERLEAVING Hy . Hy
CHANNELS

For a direct psychophysical measurement of the cutoff
frequency of the auditory envelope detector, we have to en i bk
sure bandlimited envelope information at the listener’s AN. . i
This requirement can be elaborated as follows. Recall thaE;)G'-a Passingy(t) through cochlear-shape filtets, , H,, andH,. The
. . . acing betweehl, andH, is one critical bandH, represents one of the
information is conveyed to the AN by a large number of many overlapping cochlear filters located in betwégnandH,. The en-
highly overlapped cochlear filters, with a density and loca-velope signalsa;(t) are temporally smoothed @;(t), using a low-pass
tion determined by the discrete distribution of the IHCsfilter.
along the continuous cochlear partition. When the source sig-
nal s(t) is passed through this cochlear filter bank, the reand a,(t), be temporally smoothed t@,(t), Z,(t), and
sulting envelopes change gradually with CF as we movey (t), respectively, and let
across the filter bank. The signal-processing method we seek _ _ _
should enable us to generate a signal that, when passed S()=F(@1(1),3x(1), ®
through the cochlear filter bank, will result in smoothed en-where F(-,-) stands for the desired signal-processing
velopes that are the envelopes generated by the source sigmaéthod. Let this(t) be fed to the filter bank of Fig. 3, as
s(t), low-pass filtered to the prescribed cutoff frequey shown in Fig. 4. The resulting output signals,
This requirement, termed “the globally smoothed cochleam,(t)cosy;(t), i=1,2x, have envelope signals,(t), b,(t),
envelopes criterion,” is formulated in Sec. Il A. and b(t) [and carrier signals cag(t), cosys(t), and
In Sec. 1llB we consider a signal-processing techniquecosy,(t)]. For filters located at the high-frequency range
based on diotitspeech synthesis, using pure cosine carriersisay, above 1500 Hzthe desired signal-processing method
We shall demonstrate that this technique indeed generat@y-,.) should be designed to produgg) such that
smoothed envelopes at the output of the listener’s cochlea, — .
but only at the locations that correspond to the frequencies of bi(t)=a(1), 1=1.2x. 6)
the cosine carriers. At all other locations, distortions are genNote that the properties of the signal carriers ¢¢8 are
erated that are perceptually noticeable. In Sec. Il C we sugbeing ignored since, at this frequency range, they are consid-
gest a signal-processing technique designed to circumvemrted irrelevant due to the inability of the inner hair cell to
this problem. The technique is based upon dichotic speecfollow the carrier information.
synthesis with interleaving smoothed critical-band enve-
lopes, and is based on the assumption that when the two
streams are presented to the left and the right ears, the aud: Diotic synthesis with pure cosine carriers
tory system produces a single fused im&ge., Durlach and . .
Colburn, 1978 By using this procedure, perceivable distor- Reiterating Eqs(1) and (2), let
tions are greatly reduced. Si(t)=s(t)*h;(t)=a;(t)cosg;(t), (7)
.Fmally, we note that the present Stl.de is limited to rnea'Wheres(t) is the input signalh;(t) is the impulse response
suring the cutoff 'frequency_of. the audltory. envelope detec-of a gammatone filter centered at frequericyabove 1500
tors only at the high CF regiofi.e., frequencies above 1500

: S . ) Hz), the operator represents convolution, araj(t) and
Hz). As mentioned before, ascending information at this fre'cos¢i(t) are, respectively, the envelope and the carrier of the

g?tehnec}éor?r?%?arissi(;?ggyrﬁli Eae"ll;r\r/izrtihn?otrer}nn;ltji(c)):]a:selr(;\)g?lopﬁltered signals;(t). Motivated by the observation that neural
. firings of AN fibers originating at this frequency range
The lower frequency rangé.e., below 1500 Hg was not nng I 'gihating I quency 9

addressed here since we lack understanding of the post-AN

mechanisms that are active at the low G&sd are sensitive Hy b b1(t) costr(t)
to synchrony. i () H !
A. The globally smoothed cochlear envelopes F [5(t) 5(t)—4»| H, b b,(t) com ()
criterion 3 @ ALY Ay
o (t)—»
Let s(t) be processed by a filter bank consisting of the Hy b bo(t) cosin(t)
cochlear-shape filtetd ;, H,, andH, (realized, for example,

as gam.matone filters, SlaneY’ 199&3/hereHl and H, are FIG. 4. Passing(t) throughH,, H,, andH, of Fig. 3. The desired signal
one critical band apart, anflx is located in betweehll and processing methoH(-,-) should be designed to produsé), which satis-

H, (Fig. 3). Let the envelope signals of Fig. 8;(t), a,(t), fies Eq.(6).
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mainly transmit the envelope informati@(t), let us con- Fiq (1)

S|der the S|gna| sp: unprocessed unprocessed
T T » log f
§(t)=a;(t)cos 2 f;t=a;(t)cosw;t, (8) Flow T Fhigh
that is, s;(t), with the original carrier cog(t) of Eq. (7) fio
replaced by a cosine carrier cog. Let a;(t) be low-pass Sip -1 1 i1 T8
flltered t0§|(t), and Iet sy unprocessed unprocessed

» log f
Ti(t) =3;(t)cosw;t. 9) flow t fhigh

Fig
Note thafg;(t) is a bandlimited signal centered at frequency

f;. If 3;(t) is presented to the listener’s ear, the resultingFIG. 5. Dichotic synthesis with interleaving channels. For pictorial clarity,
envelope signal at the place along the cochlear partition thdfe critical-band spectra are sketched as "flat” spectra.
corresponds to frequendy will be the smoothed envelope

@;(t). One possible signal-processing strategy could, therepf gistortion due to carrier beating. Whegy(t) andSeyedt)

fore, be to generate a signal are presented to the left and the right ears, respectively, the
N auditory system produces a single fused image. In Secs. lll D
3(t) = Spasebaridt) + > i(t)cOSw;t, (100 and IllE, we shall examine the extent to which the fused
i=1

auditory image achieves the property of E).
where Spasepanfit) represents the low-frequency ran@ee.,
below 1500 Hz and3;(t), i=1,...N are the smoothed-
envelope signals oN gammatone filters equally spaced 2. Stimuli for the psychophysical experiments
along the critical-band scale, with a spacing of one critical | et us assume that, for a given input sigisét), we
band, above 1500 Hz. want to generate a fused auditory image with a range of

Let’s(t) of Eq. (10) be presented diotically to the listen- smoothed-envelope representations that are one critical-band

er’s ear. The envelope at the output of the listener’s cochleagige and that are centered at frequerigy To achieve this

fﬂter located at frequency, is (ideally) &;(t), fqr eachi, i _ goal, we generate two signaB(t) and3,(t), as sketched
=1,...N. However, the output of a cochlear filter located in in Fig. 5. More specifically, let the original signa(t) be

between tWwo successive cosine carrier frequenéieand i ige into three regiong1) the “low-frequency range,” up
fi+1 will reflect “beating” of the two modulated cosine car- to frequency f,,, denoted assg,(t): (2) the “high-

rier signals pas§ing throggh 'ghe fiIFer. This Wil! result in afrequency range,” from frequencifg,. denoted asgy(t);
perceptually noticeable distortioflUsing the terminology of 4 (3) the “middle-frequency range,” five successive criti-

NSec. EIA' if F(-,-)~|s the diotic synthesis te~chn|que, €., cal bands wide, located in between frequendigsandfyg,
s(t) =j:13(t)005w1t+a2(t)005w2t,~ then by()=3,(t) and  ,n4 centered at the “target” frequendy . The critical-band
bz(t)=a2(t_). However,bx(t)aﬁ_ax(_t)j and such W|I_I be the signals ares;(t)=s(t)* hi(t) =& (t)cosa (1), wherehi(t) is
case(toz_adﬁferent de_gree of dissimilarityor every filterH, a gammatone filter centered at frequeniy i =i~ 2,
located in between filtersi; andH ] —1ji,,i,+1ji,+2. Note that in Figs. 5 and 6 these critical-
band spectra are sketched as “flat” spectra, for pictorial clar-

C. Dichotic synthesis with interleaving critical-band ity.

envelopes We definesg(t) ands(t) as

1. Principle SR() = Siow(t) + i (1) + Spign(1), (13)
To reduce the amount of distortion due to beating, a

dichotic synthesis with interleaving critical-band envelopes SL(t):Slow(t)+Siofl(t)+5io+1(t)+5high(t)- (14

is proposed. As we shall see, this synthesis procedure is Neys, sx(t) and's,(t) are obtained by adding the unproc-

perfect[i.e., it produces synthetic speech which does nolggeq outputs of the filters as illustrated in Fig. 5. Similarly,
satisfy Eq.(6) in a perfect way. However, it allows us to

circumvent the difficulties encountered in the diotic synthesis

procedure and significantly reduce distortions. Ai Hu By R Bs e

Let Bogi(t) and3euelt) be the summation of the odd sr: unprocssséa 1 Spprocessed
~ Lagl og
components and even componentssff) of Eq. (10), re- Flow ' T ' Fhigh
spectively, i.e., fi,
2 iy Hoy bt Hy He iy For
Soadt) =8 )+ 3;(t)cosw;t, (11 \ TN g
odd pasebard e i §p:  unprocgssed|y ‘r/\&/.*\\\ rd tnprocessed g
flow T fhigh
Sever(t)zsbaseban(jt)+_ z a;(t)cosw;t. (12 fio

I eeven

. . . . . F]G. 6. Overlapping cochlear filte@n gray) superimposed over the spec-
The distance between two successive cosine carriers in eag | representation &z(t) (top) ands, (t) (bottom). For pictorial clarity, the

of these signals is two critical bands, resulting in a reductiortritical-band spectra are sketched as “flat” spectra.

1632 J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001 O. Ghitza: Upper frequency of auditory envelope



the right- and the left smoothed-envelope signals are definef)/. The top section shows the responsestft) andSg(t);
as bottom section is fors (t) and3 (t). The channels’ CFs
(indicated in the upper-left corner of each pareeke equally

Br(t)= +3 i t+sy . ) :
SR(1) = Siow(t) 3 (1) COS@; L+ Shign(L), (15 spaced along the critical-band scale with a spacing of one-
BL()=Siou(t) +3; _1(t)CcoSw; _,t fourth critical band, fromf o, =1722Hz tofpgy=2958 Hz,
© ° i.e., every column(four successive channglgovers one
8 +1(1)COSw; 411+ Spign(t), (16)  critical band. Each cochlear channel is realized as a gamma-
_ o o tone filter, followed by an IHC modélIn this example, the
whereg;(t), i=i,—1i,,io+1, are the smoothed envelopes target frequency i§; = 2227 Hz, and the parameters of the
of the critical-band signals, anf], i=i,—1,,,i,+1, are °

. . . -, dichotic synthesizer are set td,,=1722Hz, f
the center frequencies of the critical bands in the middle. & oo Y i low Z, Thigh

- =2958Hz, f; ,=1988Hz, f; =2227Hz, and f; .4

frequency rangéthe gray-colored bands in Fig),5respec- — 2494 H OF' 5 and E 130 16)]. Each |.° h
tively. Compared to diotic synthesis, the distance between hz[seeh Ig.>an qu I)H_((: )]'d"’}C pﬁnef 'ITt €
two successive occupied frequency bands in each of the gure s ovvls.tBeI oEt$ut 0 the h mode tc:,t eho qwmglj
signals is at least one critical band, resulting in a reduction o'ln_pUt signais. black lines show the output for the signals
distortion due to carrier beating. At GH; and its one- with unprocessed critical bandsy(t) of Eg. (13) (top) and

itical-band neiahborhood. th i 'f° d auditory i s (t) of Eq.(14) (bottom); gray lines show the output for the
critica-band heighborhood, the resutting fused auditory Im'signals with the envelope-smoothed critical barkjgt) of
age contains smooth-envelope information in accordanc

- . . o . %q. (15 (top) and 5, (t) of Eq. (16) (bottom, where a
with the prescrlbed bandv_\ndth. This will be demonstrated 'nsmoothed envelog (1) is the envelope (), low-pass fil-
the remainder of the section.

tered to 64 Hz. The panel labeled 1722 Hz represents chan-
nelH; of Fig. 6, panel 2958 Hz represents chanidel and
D. Properties of the simulated cochlear signals panels 1988, 2227, and 2494 Hz represent chahgldd,,

. : I . andHg, respectively.
Figure 6 illustrates the filtering of the signag(t) of Tﬁe response shown in Fig. 7 is in accordance with the

Eq. (19 (Fig. 6, top and3,(t) of Eq. (16) (Fig. 6, bottom observations made in Fig. 6. As we see in the top section, the

by a simglated cochleg. In poth figgres, a.sketch of sevely e’ response tex(t) of Eq. (13) (i.e., black lineg s rich
(overlapping cochlear filters is superimposéih gray) over i, tamnoral structure. The overall energy changes with CF,

the spectral description of the signals. o with a stronger response by filters located in occupied fre-
Figure 6, top, illustrates the processing3{t) by the quency regions. The IHCs' response 3g(t) of Eq. (15)
filters. All cochlear filters located to the left of filtéf, (i.e., (superimposed gray lingss rich in temporal structure for
filters with lower CF$, and all the filters located to the right ~g belowf,,, and for CFs abovéy,. However, the re-
ow ign- 1

of filte_r H- (i.e.., filters with higher CHswill produce enve- sponse gradually changes with CF, becoming temporally
lope signals with unsmoothed temporal structure. Filtéss smoothed(and similar to the envelope sign| (t)). The

to Hg will produce temporally smoothed envelopes which output energy peaks at @ﬁio, then slowly decays for filters

are merely filtered versions @&; (t), with the response of ) i
° located at the frequency gap of Fig. 6, top. Note that distor-

H, being the s_trongei’and the most s_wrular t?io(t)]' The tion due to beating is negligible. Analogous behavior is illus-
responses of filtersl, andHy are negligible, since they aré y o104 in the bottom section of Fig. 7. Here, minimum re-

located at the energy gaps of the input signal. The amount cgponse is produced at G, while maximum response is
distortion due to beating is negligible since, for any CF, only °

one oceuDi . . é)_roduced at CF values ne&r | andf;, ,,. Note also the

pied frequency band is passing through the corre-, ] o o ) .
sponding cochlear filter(This is due to the wide gap, two dlstoruqn produceq by beating whlch, for this particular
critical-bands wide, between any adjacent occupied chan/OWel, is most noticeable at CFs in the left energy gap of
nels) Fig. 6, bottom(i.e., CF~1900 H2.

Figure 6, bottom, illustrates the processingspft) by
the filtersH, to H; of Fig. 6, top. Sinc&g(t) and3, (t) are
identical forf <f,,,, and forf>f 4, so is the response of all
cochlear filters located in these frequency ranges. However, . .
the response of cochlear filters in the midfrequency range id- /ntégration of left and right channels
different. In contrast to their responsedg(t), the response During listening, the subject’s response is based upon
of filter H4 to’S_ (t) is the weakest while the envelope signalsthe information contained in the fused auditory image. The
at the outputs oH, and Hg are the strongest, similar in “low-frequency range” and the “high-frequency range”
shape t@; _,(t) anda; ,(t), respectivelysee Fig. 6, bot- [, (t) ands,g(t) of Egs.(13)—(16)] are presented to the
tom, and Eq.(16)]. Also, compared to Fig. 6, top, the gap listener diotically, creating an auditory image with conven-
between adjacent occupied frequency bands is only ongonal properties. However, the midfrequency range is pre-
critical-band wide, resulting in some distortion due to beat-sented dichotically, with interleaving critical bands. This
ing. raises a question about the properties of the resulting fused

Figure 7 shows simulated IHC response at 20 successiv@nterna) auditory image. It is reasonable to assume that in-
CFs to a 70-ms-long segment of the vowel /U/, cut fromformation from left and right ears originating at similar CFs
diphone /m. U/, starting at the transition point of /m/ into will be integrated to generate a fused image. The use of

E. Properties of the fused auditory image
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Simulated IHC responses for sg(t) (black) and 3g(t) (gray)
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AT [ A AW ABAAA
1722Hz4 1930Hz 2421Hz 2713Hz FIG. 7. Simulated IHC response at 20 successive CFs
:5‘ {1 ¢t L {1 F ] to a dichotically synthesized speech. The figure shows
5‘§§s z{i N the response to a 70-ms-long segment of the vowel /U/,
A 1A r ,,\ML '\‘ cut from diphone /mU/, starting at the transition point
NG A . —od AP of /m/ into /U/. The channels are located one-fourth of
time time time time time one critical band apart, with every colunfiour succes-

sive channels covers one critical band. Black lines
show the output for the input signals with unprocessed

Simulated THC responses for sp(t) (black) and §7.(¢) (gra critical bandssg(t) of Eq. (13) (top) ands, (t) of Eq.
P L( ) ( ) L( ) (g y) (14) (bottom). Gray lines show the output for the input
1878Hz 2104Hz | 2357Hz | 2640Hz | 2058Hz | signals with envelope-smoothed critical bar®lgit) of

Eq. (15) (top) and$, (t) of Eq.(16) (bottom), where the

| A .
'é ‘ \ envelopes are low-pass filtered to 64 Hz. See the text
L J“}uf‘«f%w_ I JAUUKIAUA% » \] )L J\] &A\_'f\i I }j“ e for details.
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dichotic stimulus with interleaving critical bands ensuresZ2. Coarse variation of IHC responses with CF

that, at any CF, when one ear is stimulated, the opposite ear

is not. Nevertheles&s illustrated in Figs. 6 and),7cochlear The proposed dichotic synthesis technique produces an
channels located at the energy gaps of the input signal prdoherent distortion due to undersamplitig CF) of the IHC
duce a nonzero output. The proposed synthesis proceduré&sponse. Recall that information is conveyed to the AN by a
therefore, only ensures that, at any CF, information from thdarge number of highly overlapped cochlear channels, with a
stimulated ear is stronger than the information from the opdensity and location determined by the discrete distribution
posite ear. In Fig. 7, at any given CF, the panel from the topf the IHCs along the continuous cochlear partition. When a
section(say, right earis assumed to be combined with the signal with unprocessed critical ban@sg.,sg(t) or s (t)]is
corresponding panel from the bottom sectigeft eap. In  passed through this cochlear filter bank, the resulting IHC
particular, for CFs neafio, the signals from the stimulated responses change gradually with CF. Passing a signal with
ear are stronger than the signals from the other ear. envelope-smoothed critical ban@@z(t) or 5 (t)] through
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Smoothed THC responses for sp(t) (black) and $g(t) (gray)
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o N 10 f*’ " NG I i FIG. 8. lllustrating the coarse variation of IHC response
i //f\’:- ; P with CF, due to the undersampling of the auditory chan-
: : : L nels(an inherent property of the dichotic synthesis tech-
time time time time time nique). The figure shows the simulated IHC response of

Fig. 7 smoothed to 64 Hz, for the input signals with
unprocessed critical bandblack, and for the input
z signals with the envelope-smoothed critical bands
S S
Smoothed IHC reSponses for L(t) (blaCk) and L(t) (graY) (gray). Note the richer variation with CF for the unproc-

preT— poTyI prr— >oa0rz PR egsed input signaléblack). Notauons are same as in
Fig. 7. See the text for details.
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the same filter bank will result in much coarser change. Thigochlear channels located in the center column are fed with
is so because, in synthesiziBg(t) andS,(t), pure cosine the same amplitude-modulatédM) signal &; (t)cosw, t,
carriers are used to place a few smoothed-envelope samplggh f, —2227 Hz. Therefore, the simulated IHC responses
(sampled with a frequency resolution of two critical bands ° . ) .

. . . of these channeléin gray are merely filtered versions of
at the appropriate locations along the basilar membrane. Thlg_ (1), and their similarity 10%; (t) depends on the fre-
is illustrated in Fig. 8, which is similar to Fig. 7 with the “'o*”’ Y ‘o P

exception that, at each panel, the signals are the correspor@d€ncy response of the corresponding gammatone filter. In
ing signals of Fig. 7 low-pass filtered to 64 Hz. The figure contrast, withsg(t) as an input, the variation in the simulated
shows the change in envelope as a function of CF for théHC responses of the corresponding chanrgisblack) is
input signals with unprocessed critical barftigack and for  richer, reflecting the detailed information of the signal with
the input signals with envelope-smoothed critical bandghe unprocessed critical bands. Analogous behavior will oc-
(gray). With 3g(t) as an inputtop sectiof, all overlapping cur for s (t) andS(t) as inputs(bottom sectiojh Note that
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the coarse variation of the IHC responses with CF limits thecontributed two sentencesSince the experiments were con-
extent to which the fused auditory image achieves the propducted in the context of preserving speech quality, wideband

erty of Eq.(6). speech signals were used, with a bandwidth of 7000 Hz. The
speech intensity was set to 75 dB SPL. The stimuli are char-

3. Sparse IHC responses for excessive envelope acterized by the center frequency of the middle frequency

smoothing range[i.e., f;_of Egs.(13—(16)] and by the processing con-

Due to the undersampling of the IHC respon¢8sc. dition. We used five center frequencies, equally spaced on
Il E 2) the coarse representation with CF becomes sparse fdie critical-band scale and separatedtmughly) two critical
an excessive envelope smoothing, causing a significant pepands(1600, 2000, 2500, 3200, and 4000)H@/e used six
ceivable distortion. If the bandwidth @ (t) is B, the band- processing conditions: one condition representing the signals
width of the AM signal@;(t)coswit is 2XB. Hence, for with unprocessed critical bandpvhere the right and left
Boadt) and3Bge{t) of Egs.(11) and(12), each defined as a signals aresg(t) and s, (t) of Egs.(13) and (14), respec-
sum of AM signals forf >1500 Hz, the energy gap between tively], four conditions representing signals wigmvelope-
two successive occupied frequency bands increasBsdes ~ smoothed critical bandBvhere the right and left signals are
creases. Consequently, more cochlear channels located in Bx(t) and$ (t) of Egs. (15 and (16), respectively, with
tween successive cosine carriers will have a weak responsenvelope bandwidths of 512, 256, 128, and 64 Hz, and a
resulting in a sparse fused image. lllustrativelyBif-0, the  control condition termed thenull condition, where the five
upper frequency band & y(t) and3..{t) becomes a sum successive critical bands centered‘i%tare set to zerb.
of sinusoids. The perceived distortion sounds as an additive In both experiments, we used the ABX psychophysical
monotonic “musical note.” procedure. In this procedure, two sets of stimuli, the “refer-
ence set” and the “test set,” are defined. A stimulus in the
reference set has a counterpart in the test set; both stimuli
differ only by their processing condition. At each trial, a

Recall that the dichotic synthesis technique was introstimulus from the reference set and its counterpart from the
duced to reduce perceivable distortions rising from the beatest set are assigned to be the A stimulus and the B stimulus,
ing of two modulated cosine carriers passing through a coat random. Then, the X stimulus is randomly chosen to be
chlear filter located in between the carriers’ frequencies. Foeither the A or the B stimulus. The listener is presented with
the signalsS,q{t) andSq.e(t) of Egs. (11) and (12), the the A, B, and X stimuli(in this ordej, and must decide
spacing between successive cosine carriers was set to be twidether X is A or B. In our version, there is no “repeat”
critical bands wide. This choice was somewhat arbitrary. Obeption. Note that if the listener makes his decisions at ran-
viously, the greater the spacing is, the smaller the beatingdom (this may occur if the reference set and the test set are
induced distortions are. However, increase in spacing wilperceptually indistinguishablethe probability of correct de-
result in a coarser variation of IHC responses with (SEc.  cision is 50%.
[l E 2). Analogously, decreasing the spacing, e.g., to reduce Five subjects participated in each experim@atme sub-
sparse envelope representation for small valueB @Bec. jects for both experimenksAll subjects are well experienced
INE3), will reintroduce a perceptible amount of beating- in listening to high-quality audio signalspeech and music
induced distortions. This trade-off between beating-induced
distortion and distortions due to sparse envelope representa-
tion is inevitable.

4. Spacing between successive cosine carriers

B. Experiment |—Carrier information

IV. DICHOTIC SYNTHESIS AND SPEECH QUALITY— _In this experiment we validate the hypothesis that at
EXPERIMENTS high CFs the auditory system is insensitive to the carrier

information of the critical-band signals and that ascending

In this section we use the dichotic synthesis technique tawuditory information in this frequency range is conveyed
conduct two separate experiments in the context of presermainly via the temporal envelope of the cochlear signals.
ing speech quality. In experiment(diescribed in Sec. IVB  Towards this goal, we measure the probability of correct re-
we examine how speech quality is affected by replacing thgponse in an ABX psychophysical procedure, using a refer-
carrier information of the critical-band signal by a cosineence set and a test set as defined in Table I. A stimulus in the
carrier[i.e., replacing co@io(t) by COSwiUt], while keeping reference set and its counterpart in the test set differ in the
the envelope information untouched. In experimentSéc. characteristics of the carrier information of the critical-band
IVC) we measure how speech quality deteriorates as thgignals at the middle-frequency ran@fég. 5). As indicated
envelope bandwidth at the listener’s cochlear output isn the middle column of Table (processing condition a
gradually reduced. reference stimulus is comprised of the signgjgt) and
3. (1) of Egs.(15) and(16), respectively, with the envelopes
low-pass filtered to 512 Hd.e., zero carrier information but

The stimuli for the experiments were generated byfull envelope informatiof). The corresponding test stimulus
implementing the dichotic synthesis techniquégs. is composed of the signasg(t) ands, (t) of Egs.(13) and
(13)-(16)]. Twelve speech sentences were used, spoken bil4), respectivelyi.e., containing the full carrier and the full
three female speakers and three male spedkach speaker envelope information

A. Database, psychophysical procedure, subjects
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TABLE I. Stimuli for experiment I(Sec. IV B) and experiment I{Sec. IV Q. Each entry denoted bycontains
12 sentences, spoken by three female and three male spéakersentences eagh

Processing condition Center frequerfgy, in Hz

Carrier Envelope bandwidth 1600 2000 2500 3200 4000

Reference cosy; t 512 Hz * * * * *
Test—Experiment | cog(t) full * * * * *
Cosw; t 256 Hz * * *
Test—Experiment || cosy; t 128 Hz * * * * *
cosa; t 64 Hz * *
Test—Control null null * * * * *
C. Experiment ll—Envelope bandwidth bined into one set [Bcenterfrequencigs[4 testpro-

In this experiment we measure the upper cutoff fre-cessing conditionis<[12 sentencgs- 240 sentences—see 'I'_ab-
quency of the auditory critical-band envelope detector, ir"_e I). These sentences were randomly shuffled, then divided
terms of the minimal bandwidth of the critical-band envelopelNto four groups of 60 sentences each. The counterpart ref-
that ensures transparent speech quality. Towards this go&r€nce stimuli were arranged in the same order. Each subject
we measure the probability of correct response in an ABxXParticipated in four session@ group of 60 sentences per
psychophysical procedure, using a reference set and a test §68SI00  lasting about 10 min each [G0ABX
as defined in Table I. A reference stimulus and the correlfials|X[3 sentencgs[~3 secondp=~600 seconds).
sponding test stimulus are composed of the sig&al) and The results are presented in Fig. 9. Eac.h. panel represents
3,(t) of Egs.(15) and(16), respectively. They differ only in performance at the center frequency specified at the upper-
the bandwidth of the critical-band envelopes, with the band!ight corner of the panel. The bandwidth of a critical bhd
width of a reference stimulus being 512 Hz. In the test setCentered at that frequency is also indicated in parentheses.
only two smoothing conditions were used at each center freIhe abscissa of gach_ panel indicates the processing con(_jmon
quency(to reduce the overall number of trials, and hence thef the test set stimuli. The entig(t) represents the condi-
experimental load on the subject§or f, =1600Hz and ton with unprocessed critical bandsxperiment ), the en-

f; =2000Hz, the envelope bandwidths V\?ere 64 and 128 Hzt_ries 256, 128, and 64 Hz represent the conditions with
o

. . envelope-smoothed critical bandexperiment 1}, and the
(Note that the b_andW|dth of critical bands located at theseentry null represents the control experimefitve chose to
center frequencies are 180 and 250 Hz, respectjvEigr

display all conditions in the same panel since a test set, in all
fio:25_00 Hz,f; =3200Hz, and; =4000Hz, the envelo.pe experiments, is always contrasted with the same reference
bandwidths were 128 and 256 Hwhere the corresponding set—see Table ).The ordinate is the probability of correct
bandwidth of critical bands are 300, 360, and 440.Hz identification of the identity of the X stimul{during the
ABX procedurg, in percent. The proportion of correct re-
sponse for each subject was computed from 12 binary re-
In conducting the experiment, all test stimuli of experi- sponsegone binary response for each sentence in the experi-
ment |, experiment Il, and the control experiment were com-menj. Each entry shows the mean and the standard deviation

D. Results

100 100 100
1600 Hz 2000 Hz 2500 Hz
90 (180 Hz) 90 (250 Hz) 90 (300 Hz)
80 80 + 80
P(C) 70 70 70
60 N 60 60 l
50 50 50 | FIG. 9. Probability of correct response as a function of
l | ’ processing condition, with the center frequency as a
40 40 40 parameter. Center frequencies are specified at the
30 30 30 upper-right corner of the panéthe bandwidth of the
null 64 128 256 s () null 64 128 256 s(t) null 64 128 256 s(t) corresponding critical bands is also indicated, in paren-
Processing Condition theses The abscissa of each panel indicates the pro-
cessing condition of the test set stimuli. The ordinate is
100 100 - . . ; .
3200 Hz 4000 Hz the prob_ablll_ty of correct identification of the identity of
90 (360 Hz) 90 (440 Hz) the X stimuli (during the ABX procedurg in percent.
80 80 Each entry shows the mean percentage of correct re-
sponse and the standard deviation among the five sub-
70 70 jects. See the text for details.
60 50 l
50 * 50 i
40 | 40 \
30 30

null 64 128 256 s nuil 64 128 256 s(t)
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100 100
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801 1] 80 . 80 :
. ! . !
P(C) 70} & ! 70 ‘ | 70t %
. [3 ° AN ?
60 60 : ® 60 \
50 50 50 |
40 . 40 ; 40 \’ T
30 = 30 30 FIG. 10. Experimental results of Fig. 9, broken into two
null 64 128 256 s,() null 64 128 256 s(t) null 64 128 256 s(t) groups according to speaker gender, male speakers in
Processing Condition black, female speakers in gray. Differences may be at-
tributed to the interaction between the spectral contents
100 | 5200 Ha 100 T 2000 o of the stimulus(location of formants, pitchand the
90 (360 Hz) 9} (440 Hz) center frequency under consideration.
80t = 80
L]
70 70
60 ' 60 :
50 50 {
40 40 ~\
° 4
30 30 .
null 64 128 266 s(t) null 64 128 256 s,(1)

of these five numbergA simple analysis of variance dem- the interaction between the spectral contents of the stimulus
onstrated that the interaction between subject and processitiipcation of formants, pitchand the center frequency under
condition was not significant, so that it is legitimate to pool consideration.
results from the five subjec}s.

The control experimentindicatednull on the abscisga
confirms the assumption that a removal of a frequency band- DICHOTIC SYNTHESIS AND SPEECH
five-critical-bands wide results in a perceivable degradatior\’\”—ELL'G'B'L'TY

in quality. This is so because for all center frequencies we |, gec. IV, the dichotic synthesis technique was used to
considered, the mean probability of correct response is Signeasure the cutoff frequencies of the auditory envelope de-
nificantly above 50%. _ tectors at threshold.e., the cutoff frequencies which main-

For experiment [indicated as;(t) on the abscisdathe  ain the quality of the original speechA question arises
mean probability of correct response is about 50% for th§ynether the technique can also be used to measure the cutoff
higher center frequencigse., 2500, 3200, and 4000 HAS  frequencies in the context of speech intelligibility, for speech
the center frequency decreases, the mean probability of COLjgna|s that maintain some reasonable level of speech quality
rect response increase2% for f; =2000Hz, and 74% for  (say above MOS level)3In the following, it will be argued
fi, =1600H2. This result confirms the hypothesis that atthat speech stimuli produced by dichotic synthesis for
high center frequencig@bove~ 1800 H2 the auditory sys- intelligibility-related experiments are of poor quality, with
tem is insensitive to the temporal details of the carrier infor-MOS readings well below 3.
mation, and that the full carrier c@gt) can be replaced with Suppose that we want to repeat the phoneme identifica-
a cosine carrier caost. tion experiment reported by Drullmaet al. (1994, by using

For experiment ll(indicated as 64, 128, and 256 Hz on a dichotically synthesized speech, with temporal envelopes
the abscisga at higher center frequenciése., 2500, 3200, that are low-pass filtered to a cutoff frequenBy Which
and 4000 Hg the mean probability of correct response isvalues ofB are reasonable for such an experiment? Express-
about 50% for an envelope bandwidth of 256 ¥£or the  ing temporal envelope information in terms of the amplitude-
other two center frequencigd600 and 2000 Hz a 50% modulation spectrum, two kinds of modulations may be con-
mean probability of correct response is measured for an ersidered as information carriers of speech intelligibility—the
velope bandwidth of 128 Hz. Note that these bandwidth val-articulatory modulations and the pitch modulations. Of these,
ues are considerably smaller than the bandwidth of the critithe pitch modulations convey only a limited amount of pho-
cal bands centered at the corresponding center frequenciasmic information(this is so because for speech signals, the
(indicated in the upper-right corner, in parenthg¢sasd are  salient mechanism for pitch perception is based on resolved
roughly one-half of one critical band. harmonics at the lower frequency rafngeThe major carri-

Finally, Fig. 10 shows the experimental results of Fig. 9,ers of phonemic information are, therefore, the articulatory
broken into two groups according to speaker gender, malenodulations[Indeed, the STI method is aimed at measuring
speakers in black, female speakers in gi@bviously, the these MTFgSteeneken and Houtgast, 198MHence, theB
number of observations per entry per subject is now onlywalues for a phoneme identification experiment should be on
six.) The figure shows that at most center frequencies and fahe order of a few tens of Hz, determined by the mechanical
most processing conditions, performance is not affectegroperties of the articulators. Recall the properties of the
much by the speaker gender. Differences may be attributed tgpeech signals generated by the dichotic synthesis technique
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(Secs. llID and lllB. For an appropriate spacing betweenlopes with a prescribed bandwidst the output of the listen-
successive cosine carrigiSec. lll E4, and forB values of a  er’s cochlea(Sec. Il A). Such a signal-processing technique
few tens of Hz, the resulting speech stimuli generate fuseds yet to be found. However, in Sec. IlIC, an approximate
auditory images that are too spafSec. IllE3, and suffer solution has been introduced based upon dichotic speech
severe degradation in speech quality MOS levels well synthesis with interleaving smoothed critical-band
below 3 due mainly to an overriding monotonic tonal ac- envelopes?

cent. The speech signals produced by the dichotic synthesis With this technique established, psychophysical mea-
technique are, therefore, inadequate for experiments intendegirements were conducted using high-quality, wideband,
to measure intelligibility-relatedBs while maintaining fair  speech signalébandwidth of 7 kHx as the test stimuli. The
quality levels. The appropriate signal-processing method isneasurements show that in order to maintain the quality of

yet to be found. the original speech signél) there is no need to preserve the
detailed timing information of the critical-band sign@x-
VI. DISCUSSION periment |, Sec. IV B (2) the perceptually relevant informa-

This study was motivated by the need to quantify thetion !n this frequency rang.e'is mainly the' temporal envelope
minimum amount of information, at the auditory-nerve level, Of this signal, and3) the minimum bandwidth of the tempo-
that is necessary for maintaining human performance in task@ €nvelope of the critical-band signal is, roughly, one-half
related to speech perceptige.g., threshold measurements Of one critical-bandexperiment Il, Sec. IV € These results
for speech quality, phoneme classification for speech intelli@"® in line with the widely accepted observation that at
gibility). Such data are needed, for example, for a quantitaligher center frequencies, due to the physiological limita-
tive formulation of a perception-based distance measure bdlons of the inner hair cells to follow detailed timing infor-
tween speech segmeritsg., Ghitza and Sondhi, 199The mation, neural firings at the auditory nerve mainly represent
study was restricted to the frequency range above 1500 H#he temporal envelope information of the critical-band sig-
where the information conveyed by the auditory nerve ishal.
mainly the temporal envelopes of the critical-band signals.  The data obtained here can be compared to previously
From the outset, it was assumed that these envelopes apglblished data only qualitatively, because of the marked dif-
processed by distinct, albeit unknown, auditory detectorderence in the underlying frameworks. As discussed by oth-
characterized by their upper cutoff frequencies which, iners(€.g., Dauet al, 1999; Kohlrausctet al, 2000, a reli-
turn, determine the perceptually relevant information of theable measurement of amplitude-modulation spectra can be
envelope signals in terms of their effective bandwidth. Theobtained when the stimulus bandwidth is sufficiently nar-
main contribution of this study is the establishment of arower than the critical band of the target auditory channel.
framework that allows the direct psychophysical measurePrevious studies that meet this requirement provide tight es-
ment of this bandwidth, using speech signals as the tedtmates of the envelope bandwidth at threshold, since the
stimuli. measurements for the target auditory channel are obtained

Measuring the perceptually relevant content of temporalWith zero external stimulation of all other channels. In con-
envelopes was the subject of numerous studies, most dfast, the measurements in the present study are taken with
which were aimed at measuring the amplitude-modulationgll auditory channel simultaneously activthe test stimuli
spectra using threshold-of-detection criteria. These studiedre wideband speech signalgllowing interaction across
(e.g., Viemeister, 1979; Daet al, 1997a, 1997b, 1999; channelge.g., due to spread of masking qualitative com-
Kohlrausch et al, 2000 used nonspeech signals as testparison shows that estimates of envelope bandwidths ob-
stimuli—mostly signals with a bandwidth of one critical tained in this study are indeed lower than those published
band3 The present study extends the scope of previous stucarlier. For example, for an auditory channel at CF of 3000
ies by providing threshold measurements of the cochleaklz, the estimate of the envelope bandwidth using a cosine
temporal envelope bandwidtivhich may be regarded as the carrier is roughly one critical ban@e., about 350 Hz, Kohl-
bandwidth of the amplitude-modulation spectjuior speech  rauschet al, 2000. For speech stimuli at similar CFs, the
signals, hence providing an estimate of the threshold bandenvelope bandwidth is about 250 Kzig. 9).
width of a target auditory channethile all other channels The methodology presented in this study provides a
are active simultaneously framework for the design of transparent coding systéms

In order to conduct these experiments, a signalwith a substantial information reductigue to the use of
processing framework had to be formulated that would bdixed cosine carriers, modulated by smoothed critical-band
capable of producing speech signals with appropriate tempanvelopes, Ghitza and Kroon, 200@ne desirable property
ral envelope properties. As was shown in Sec. Il, if the en-of this coding paradigm is that it performs equally well for
velope of a critical-band signal is temporally smoothed whilespeech, noisy speech, music signals, etc. This is so since the
the instantaneous phase information remains untou@gd coding paradigm is based solely on the properties of the
Drullman et al,, 1994, the resulting synthetic speech signal auditory system and does not assume any specific properties
evokes cochlear envelope signals that are not necessaribf the input source.
smoothed. This rather counterintuitive behaviarhich is Finally, the dichotic synthesis technique is inadequate
theoretically founded, as discussed in Sec.)lsAggests that for the purpose of measuring the cutoff frequencies relevant
a different criterion should be used for signal synthesis, sucko intelligibility of speech signals with fair quality levels
that the resulting speech signal will evoke temporal enve{say, above MOS3). Recall that the main information car-

J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001 O. Ghitza: Upper frequency of auditory envelope 1639



riers of speech intelligibility are the articulatory modulations cates that the two conditions are being distinguished somehow, but that the

(e.g., Sec. V. Following a reasoning similar to the one used résponse is consistently incorrect.

. . - ?Recall the existence of two competing mechanisms for pitch perception.
in measuring the cutoff frequencies at threshold, the apPro- g6 is pased upon resolved harmonics and, for speech signals in particu-

priate speech stimuli should satisfy the criterion of generat- jar, operates at the lower frequency rarigay, below 1500 Hz, the other
ing temporal envelopes witsmoothed articulatory modula- is based on temporal envelope periodicities and operates at the higher

tions at the output of the listener’s cochlea. In view of the frequency range. When both mechanisms are ad@eein the case of
. . . . . __speech signalsthe salient mechanism is the former ofeeg., Goldstein,
discussion in Sec. Il, a speech signal produced by smoothlngzoool

the envelope signal alorigvhile keeping the original instan-  13The study by Drullmaret al. (1994 belongs to a different category since
taneous phase information untouchédinadequate because it used a threshold criterion related to speech intelligibilitg., percent
it will regenerate, at the cochlear output, most of the original correct in a phoneme classification tas®bviously, Drullmanet al. had

| inf fi including th ticulat dulati to use speech signals as test stimuli.
envelope Information, Including the articulatory modulationSisgee secs. 111D and 111 E for a discussion on the properties and the short-

and the pitch modulations. Indeed, the dichotic synthesis comings of this approximate solution.

technique is capable of producing speech stimuli that generlf"l'hat is, at the receiving end, the system produces speech signals that are
ate cochlear temporal envelopes with smoothed articulatoryPerceptually indistinguishable from the original speech.

modulations as desired. Alas, the quality of these signals is

well below MOS=3 (Sec. \J. We still lack the knowledge of Chi, T, Gao, Y., Guyton, M. C., Ru, P., and Shamma(1899. “Spectro-

how to synthesize speech stimuli which simultaneously sat- temporal modulation transfer functions and speech intelligibility,” J.
Acoust. Soc. Am106, 2719-2732.

isfy both requirementsi.e., cochlear temporal envelopes Dau, T., Kolimeier, B., and Kohlrausch, A19973. “Modeling auditory
with smoothed articulatory modulatiorend a prescribed  processing of amplitude modulation. I. Detection and masking with
level of speech quamy narrow-band carriers,” J. Acoust. Soc. At02 2892-2905.

Dau, T., Kolimeier, B., and Kohlrausch, A1997h. “Modeling auditory

processing of amplitude modulation. Il. Spectral and temporal integra-
ACKNOWLEDGMENTS tion,” J. Acoust. Soc. Am102, 29062919,

| wish to thank M. M. Sondhi and Y. Shoham for stimu- P2 T-» Verhey, J., and Kohlrausch, £1999. "Intrinsic envelope fluctua-
tions and modulation-detection thresholds for narrow-band noise catrriers,

lating discussions throughout this work, and S. Colburn and j acoust. Soc. Am106, 2752—2760.
two anonymous reviewers for reviewing earlier versions ofbruliman, R., Festen, J. M., and Plomp, R.994. “Effect of temporal

the paper. envelope smearing on speech reception,” J. Acoust. Soc.9&n1053—
1064.

e ) ) Durlach, I. N., and Colburn, S1978. “Binaural phenomena,” inHand-

Signals presented to left and right ears are different. book of Perception, Volume 1V: Hearingdited by E. C. Carterette and M.

*The Mean-Opinion-Score, or MOS, is a test which is widely used to assess p, Friedman(Academic, New York pp. 365—466.

quality of speech coders. It is a subjective test that can be categorized asg@jdins, D. A., and Green, D. M1995. “Temporal integration and tempo-
rating procedure. Subjects are presented, once, with a speech sentence ang) resolution,” in Hearing, edited by B. C. J. MooréAcademic, New
are requested to score its quality using a scale of five grades. The gradesyork), pp. 207—242.

(and their numerical aliaspare Excellent5), Good(4), Fair (3), Poor(2), Flanagan, J. L(1980. “Parametric coding of speech spectra,” J. Acoust.
and Bad(1). The MOS is the mean score, averaged over the database andspc, Am.68, 412—430.

3the subjects. _ _ _ Ghitza, O., and Kroon, R2000. “Dichotic presentation of interleaving
The Hilbert envelopeand theHilbert instantaneous phasare defined as critical-band envelopes: An application to multi-descriptive coding,” in
follows: Let z(t) be the analytic signal of s(t), ie., z(t)=s(t) Proceedings of the IEEE Workshop on Speech Codbegavan, Wiscon-
+j8i(t), where§;(t) is the Hilbert transform o§;(t). We express;(t) in sin (September pp. 72—74.

terms of z(t) as si(t)=R(z(t))=a;(t)cose(t), where a(t) Ghitza, O., and Sondhi, M. M1997). “On the perceptual distance between
= /sZ(t) +&(t) is theenvelopeof s;(t), and ¢(t) =arctar{§(t)/[s(t)] is speech segments,” J. Acoust. Soc. Ab0L, 522-529.

the instantaneous phasef s;(t). Goldstein, J. L(2000. “Pitch perception,” inEncyclopedia of Psychology

edited by A. E. KazdifAmerican Psychological Association, Washington,
D.C), Vol. VI, pp. 201-210.
pJohnson, D. H(1980. “The relationship between spike rate and synchrony
in responses of auditory-nerve fibers to single tones,” J. Acoust. Soc. Am.
68, 1115-1122.
Kohlrausch, A., Fassel, R., and Dau, 000. “The influence of carrier
level and frequency on modulation and beat-detection thresholds for sinu-
soidal carriers,” J. Acoust. Soc. Aml08 723-734.

4CF, for Characteristic Frequengyindicates the place of origin of a nerve
fiber along the basilar membrane in frequency units.

SObviously, there is no distinct boundary between the low-CF and high-C
AN regions. Rather, the change in properties is gradual. Our working hy-
pothesis is that the region of transition is around 1500 Hz.

5The same signal is presented to both ears.

"The IHC model is comprised of a half-wave rectifier, followed by a low-

pass _fiter _with the amplitude transfer function|H(f )] Moore, B. C. J., and Glasberg, B. R983. “Suggested formula for calcu
=LW(1+ (1/600F) (+(1/3000%), reflecting the synchrony roll-off in lating auditory-filter bandwidth and excitation patterns,” J. Acoust. Soc.

AN firings (e.g., Johnson, 1980 Am. 74 750-753

8The null condition is for control purposes, to validate the assumption that ahice-S.’O.(1973..“Distortion produced by band limitation of an FM
removal of a frequency band five-critical-bands wide indeed causes per- wa;/e " Bell Syst. Tech. J52, 605—626.

ceivable degradation in quality. s ' ’
°Note that the bandwidth of the critical band centered at the highest center
frequency considered in this experimeng., fi0:4000 H2 is about 440

laney, M. (1993. “An efficient implementation of the Patterson-
Holdsworth auditory filter bank,” Technical Report 33, Apple Computer.
Steeneken, H. J. M., and Houtgast,(T980. “A physical method for mea-

Hz. suring speech-transmission quality,” J. Acoust. Soc. Am.318-326.
/e follow the ERB definition of a critical band, according to Moore and Viemeister, N. F.(1979. “Temporal modulation transfer functions based
Glasberg(1983. upon modulation thresholds,” J. Acoust. Soc. Aé6, 1364—-1380.

Note that at center frequency of 4000 Hz the mean probability of correctoelcker, H. B.(1966. “Towards a unified theory of modulation. 1. Phase-
response, for an envelope bandwidth of 256 Hz, is about 33%. This indi- envelope relationships,” Proc. IEER(3), 340—-354.

1640 J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001 O. Ghitza: Upper frequency of auditory envelope



