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Spectral integration refers to the summation of activity beyond the bandwidth of the peripheral
auditory filter. Several experimental lines have sought to determine the bandwidth of this
“supracritical” band phenomenon. This paper reports on two experiments which tested the limit on
spectral integration in the same listeners. Experiment 1 verified the critical separation of 3.5 bark in
two-formant synthetic vowels as advocated by the center-of-gré@i®G) hypothesis. According

to the COG effect, two formants are integrated into a single perceived peak if their separation does
not exceed approximately 3.5 bark. With several modifications to the methods of a classic COG
matching task, the present listeners responded to changes in pitch in two-formant synthetic vowels,
not estimating their phonetic quality. By changing the amplitude ratio of the formants, the frequency
of the perceived peak was closer to that of the stronger formant. This COG effect disappeared with
larger formant separation. In a second experiment, auditory spectral resolution bandwidths were
measured for the same listeners using common-envelope, two-tone complex signals. Results showed
that the limits of spectral averaging in two-formant vowels and two-tone spectral resolution
bandwidth were related for two of the three listeners. The third failed to perform the discrimination
task. For the two subjects who completed both tasks, the results suggest that the critical region in
vowel task and the complex-tone discriminability estimates are linked to a common mechanism, i.e.,
to an auditory spectral resolving power. A signal-processing model is proposed to predict the COG
effect in two-formant synthetic vowels. The model introduces two modifications to Hermafdky’s
Acoust. Soc. Am.87, 1738—-1752(1990] perceptual linear predictivePLP) model. The model
predictions are generally compatible with the present experimental results and with the predictions
of several earlier models accounting for the COG effect. 2@4 Acoustical Society of America.
[DOI: 10.1121/1.1624066
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I. INTRODUCTION mechanism must effectively average two formants which are
relatively close in frequency. This phenomenon, known to-
The spectral envelopes of spoken vowels normally condlay as formant averaging or spectral integration, suggests
tain multiple peaks called formants. The interest in approxithat the auditory system performs an additional filtering of
mating phonetic quality by reducing the number of formantsvowels beyond the level of the cochlea.
in synthetic vowels dates from the early 1950s. Delatral. A further exploration of the “center of prominencédr
(1952 experimented with back vowels whose first two for- “center of gravity”) of formant cluster in approximating
mants are close in frequency and observed that the quality gfhonetic quality of vowels led to the concept of the percep-
these vowels is still preserved when a listener is presenteigially grounded “effective second formantFQ’). F2' was
with a single intermediate formant. This formant, locatedto substitute for bottF2 and higher formants of a natural
somewhere between the two, comprised an overall quality ofowel in their two-formant approximation representedidy
the vowel, preserving its unique “color.” When formant and F2'. Empirical formulas forF2' computations from
separation was large, such as in front vowels, no single forformant frequency values were propos@ant, 1959; Carl-
mant could be found that successfully approximated theifOn et al, 1970, 1975; Bladon and Fant, 197&enter of

quality. Delattreet al. (1952 concluded that an auditory 9ravity (COG was understood as a possible correlaté f
(Carlsonet al, 1970. Further work on COG showed that

when two formant peaks are separated by less than 3.5 bark,

a) . . H . D ), H . . . .
_Pornons of this worl_< have_appeared in the flr_st authOfs Mastersthess_an ey are integrated into a smgle percelved peak, called the
in poster presentations given at the 3rd joint meeting of the Acoustical,

Society of America and Acoustical Society of Japan, 1996, Honolulu, Ha- percgptual formant” (Chistovich et al, 1979- The next
waii, and at the 133rd meeting of the Acoustical Society of America, 1997 step in the conceptual development was to link the 3.5-bark
State College, Pennsylvania. “critical distance” with predicting F2' values (Bladon,

PCurrent address: Nokia Product Creation Center, NMP Dallas, Irving, TX1983 which resulted in further computational models of
75039. )

9Author to whom correspondence should be addressed. Electronic mai,::2’ (Escudieret al, 1985; MantakaS_Et al, 198& .The
feth.1@osu.edu model by Mantakagt al. was later applied to predicting the
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organizational trends in vowel systems of human language€l 979 concluded that spectral integration fails for more than
(Schwartzet al.,, 1997. critical formant separation, i.e., for more than 3.5 bark.

This line of research has established the validityaf Chistovich(1985 proposed a method for predicting lis-
as a perceptual parameter in approximating vowel quality irieners’ matches to a two-formant reference vowel. The per-
two-formant models. It also brought to light the hypothesisceptual formant was defined as the centroid of the vowel
that the auditory system performs a “large-scale spectral inspectrum weighted on the bark scale rather than absolute
tegration” over a limited frequency range of 3.5 bdekg., frequency(in hert2. However, this centroid measurement
Schwartz and Escudier, 1989 his work focused necessarily was only good for predicting results for signals with closely
on formant frequency values, assuming only implicit knowl-spaced formants. Chistovich and Lublinskaja’s COG and
edge of the relation between the relative amplitudes of theritical distance effects were well manifested when listeners
formants. The role of formant amplitudes in spectral integramatched a single-formant signal of variable frequency to a
tion was explicitly addressed in a series of other stutkag, two-formant reference. Results contrary to the COG effect
Bedrovet al, 1978; Chistovich and Lublinskaja, 1979; Chis- were obtained, subsequently, in which multiformant vowels
tovich et al, 1979; Chistovich, 1985 This line of research were used as both reference and variable sigiggddor and
investigated the CO@ffect i.e., the process restricted to a Hawkins, 1990; Assmann, 1991
limited frequency range of 3.5 bark. Accordingly, when two ~ Testing the interaction of frequency and amplitude in
existing vowel formants are perceptually integrated, the frelow-frequency formants predicted by the COG effect, Ass-
quency of the perceived peaKperceptual formant) is mann (1991 carried out two experiments. Using additive
closer to that of the stronger formant. The amplitudes of thdarmonic synthesis to control for altering the levels of adja-
two formants play an important role in that a change in theircent harmonics in the region of the formant, he manipulated
ratio is equivalent to &equencychange of a single-formant the amplitude of the first two closely spaced formants in
vowel which approximates their qualitChistovich and Lu- back vowels. The experimental tokefisoth the matching
blinskaja, 197% The 3.5-bark critical distance indicates a and the reference stimulincluded six formants to achieve
possible limit on spectral integration in that the COG effectmore natural-sounding vowels. In one experiment, listeners
disappears with larger formant separation. adjusted the frequency of bothl andF2 in the target to-

The present study is a continuation of the latter line ofkens to match the reference tokens with modified amplitudes
research. It first re-examines the COG effect in the traditionapf F1 andF2. In the second task, listeners identified the
format of two-formant vowels to verify the role of the critical tokens with modified amplitude ratios as instances of five
separation of 3.5 bark in spectral integrati@xperiment 1 selected English vowels. The stimuli were presented in two
It then presents experimental evidence from psychoacousticepnditions, with lowf, (125 Hz) and highf, (250 Hz). Re-
showing that spectral integration in two-tone complex sig-sults from the first experiment failed to replicate the findings
nals occurs within the limit of 3.5-bark resolution bandwidth from the single-formant matching experiments as in Chistov-
(experiment 2. It advocates the view that spectral integrationich and Lublinskaja1979. Support for the COG effect was
is a fundamental property of the auditory system. Further, th@lso weak from the results of the second experiment as some
3.5-bark critical distance is used by the auditory system irshifts in vowel quality were only obtained in the hidly
general signal processing, and is not restricted to speech petondition.
ception. The focus of this work is not on approximating the ~ An important finding from Beddor and Hawkins’ study
phonetic vowel quality but on the auditory processing of(1990 was that the influence of the spectral envelope on
complex signals before higher-level decision processes agerceived vowel quality was greater when spectral peaks in
ply, such as making phonetic decisions. The following secthe low-frequency region were less pronounced. That is, no
tions sketch the background of the study. COG effect was observed for oral vowels with well-defined
peaks, whose quality was perceptually determined by the fre-
quency ofF1. For nasal vowels with less-visible peaks and
valleys, the matches were more consistent with the COG

Chistovich and Lublinskajg1979 reported that their effect and listeners relied less on the frequenc¥ bf Their
two listeners matched a single-formant vowel of variable frethird experiment addressed the issue of the effect of well-
quency €,) to a frequency betweeRl andF2 of a two-  versus poorly defined formants on the perceived vowel qual-
formant reference signal, when the distance between the twiey by manipulating formant bandwidths. The results indi-
formants was less than about 3.5 bark. The locuBofvas  cated that, in perceiving vowel quality, listeners relied on
called the “perceptual formant.” Depending &®/Al ratio  formant frequency for vowels with well-defined pealtse
(the ratio of the formant amplitudgsthe matches fell mid- narrow-bandwidth condition, BW45 Hz), whereas the
way between the frequencies of the two formam®/A1  combination of both frequency and bandwidth influenced the
=0 dB) or were directed towards either one of the strongeperception of vowels with poorly defined peafthe wide-
formants A2/A1=—20 or 20 dB. When the separation be- bandwidth condition, BW150 H2.
tweenF1 andF2 exceeded 3.5 bark, there was no agreement  In summary, the results from experiments in which a
as to the frequency of matching. One listener matched theingle formant was adjusted to match reference signals sup-
single formant to one of the two actual formants and theported the COG effect. However, in the experiment where
second performed highly unreliable matches to intermediatévo formants were adjusted simultaneously to match the ref-
frequencies between the two. Chistovich and Lublinskajaerence signal, the results were incompatible with the pre-

A. The COG effect in two-formant vowels and the
3.5-bark critical distance
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FIG. 1. Long-term spectrum, envelope, and instanta-
f, f+af neous frequency functions for both members of the
two-component complex tones that make up the sim-
N of ’ plest set of common envelope signals, as defined by
A \/-\/ Voelcker(1966a. From Feth and O’Malley1977) with
I:;szl B permission.
° /\/\
£ f+af
TIME TIME

dicted pattern. This suggests that the COG effect may naiapproach 100% for moderate separati@hso 3 bark of the
directly contribute to the phonetic perception of a full vowel two-component frequencies. However, further separation of
spectrum, playing a different role in speech signal processthe components led to decreased discriminability when the
ing. Consequently, listeners may use different strategies inomponents were apparently resolved by the peripheral au-
responding to different types of signals in matching tasks. ditory filter. The frequency separation for which the Voelcker
signals become indiscriminable was suggested as a psycho-

B. Two-tone complex signals and the 3.5-bark physical estimate of auditory spectral resolving power. For
resolution bandwidth each center frequency tested, this estimate is approximately

3.5 bark. Thus, in two different experimental paradigms, i.e.,
Independently of the development of both the COG ef,\ye| matching and two-tone discrimination, the 3.5-bark
fect and the spectral centron,j model by the Leningrad groupgyitica| separation plays a role. The critical distance can be
Feth (1974) an-d Feth and O Mallle)(1.977) StUd',ed spectral _viewed as a limit to the range of spectral integration that the
integration using psychoacoustic signals. This research INsuditory system can perform.
vestigated the pitch of two-tone complexes, following Voel- In an earlier study, Feti1974 had proposed that the
cker’s unified theory of modulatiofLl966a, 1966) Voelcker perceived pitch of a two-tone complex with components of

began with the envelope—fine-structure representation of fnequal amplitude should correspond to the envelope-

signal weighted average of the instantaneous frequéBYYAIF) of
S(t)=E(t)*cog (1)), (1)  the waveform. According to the EWAIF model, the instanta-
. . . neous frequency occurring where the envelope was large
where E(t) s the envelopg of the signal, ane(t) IS the .would contribute more to the perceived pitch of the two-tone
angle. The envelope functlon re_presents slow VE_lI’IatIOI’IS Ir(lomplex. The EWAIF model accounted for experimental
the amplitude of the signal and is often characterized as thg_ ., using narrow-bandwidth complex tones. Its later ver-
result of amplitude modulation. The first time derivative of ;1o intensity-weighted average of instantaneous fre-
the angle function is often defined as the instantaneous fr%’uer’my model(IWAIF) (Anantharamaret al, 1993, is a
quency;f(t). Vo_elcke_r defined sets of common enyelope S_'g'simple mathematical variation of the EWAIF that eliminates
nals that have identical envelope functions but different fme[he computational difficulty of the EWAIF calculation
structurg. The simplest set. of common enyelope signals i nantharamaret al. (1993 showed that the IWAIF formu-
Ehown m|'|:ldgf.-fl. For gacfh signal, tv'\:/o smdutsr? |d5 are Iiezaratq tion can be transformed into the frequency domain where
d%fa sLna : erT:lnce n r;eqluer;c&, » and ellr atrr?p II UAES  the IWAIF value corresponds to the COG of the signal spec-
iffer by a small amountAl. For one signal, the lower- trum. Given that speech signals are essentially dynamic and

frequency component is more intense; for the complemenéomplex’ changing in both frequency and amplitude over

tary signal the higher-frequency component has the highe[r

have identical envelope functions, as shown in the m'ddl‘?/vere verified for the stationary two-formant speech signals

panel O.f Fig. 1.' The ir]stantaneous frequency fum:tionijsed in Chistovich and Lublinskajd979 by Anantharaman
change in opposite directions. When the lower component i 998

the more intensel(t) moves to lower frequencies as the
envelope moves toward its minimum value. When the )
higher-frequency component is more intense, the frequenc?' Modeling the COG effect
modulation moves toward higher frequencies. Listeners hear Hermansky(1990 proposed the perceptual linear pre-
these fine-structure differences as small changes in the spediction model (PLP) to account for spectral integration in
tral pitch of the signalHelmholtz, 1954; Jeffress, 1968 vowel-like signals. The model is consistent with both the
Feth and O’Malley(1977 used the discriminability of F1-F2’ concept and with the 3.5-bark auditory integration
complementary, two-component complex tones suggested hieory. A speech signal is first processed to produce the so-
Voelcker to investigate the spectral resolving power of thecalled auditory spectrum by using three processes derived
auditory system. They reported that the percentage of correftom psychoacoustics: critical band frequency resolution,
responsesP(C), in a 2IFC task increased from chance to equal loudness compensation, and intensity-loudness com-
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pression. This auditory spectrum is then approximated by aABLE I. Synthesis parameters for two-formant reference vowels used in
autoregressive all-pole filter, just as in traditional LP model-XPeriment 1.

ing, to produce a low-dimensional representation of the Fo_F1

speech-signal spectrum. Hermansky suggested that a fifthowel F1(Hz) F2(Hz) (bark BWL (Hz) BW2(Hz) Source
order PLP model could extract at most two major peaks from

th git " ing the mi iral ks L 800 1300 25 80 80 Impulse
e auditory spectrum, removing the minor spectral peaks. ; 800 1300 25 80 80 Noise
Experimental results from natural and synthetic speech sig- 3 800 1300 25 45 45 Noise
nals confirmed model predictions. When two vowel formants 4 800 1300 25 150 150 Noise
were far apart, the PLP estimated two distinct spectral peaks. 5 800 1400 3.0 80 80 Noise
With smaller separation of formants of about 3.5 bark, these & 700 1400 3.6 80 80 Noise

i 7 700 1500 4.0 80 80 Noise
peaks merged into one peak. 8 600 1700 53 80 80 Noise

In this paper, we use a modified PLP model to predict
and test the COG effect, taking into account the amplitude

ratio of two closely spaced formants. In so doing, we 'nves'speech and hearing science and one was an undergraduate

tigate V\{heth?r rt}hefCOG eﬁecthQiﬁappeizrsbwith tg,e 3'§'bir§tudent paid for her participation. All listeners showed nor-
separation of the formants, which would be predictable by, hearing at all audiometric frequencies on two screening

the model. Since we manipulate the amplitude ratio in testing, ;. 4 tone-threshold test in quiet and a frequency differ-
the COG effect, we introduce two more stages as our modig, . limen(DLF) test. All listeners were given extensive

fication to Hermangky’s original model, i.e., a Peak detef:tiorbractice before participating in the experiment. Each partici-
(_stage G_and a decision makéstage J. An additional modi- . pant listend 2 h per day, 5 days per week, for a period of
fication is the use of a faurth-order LP madel spectrum N"several weeks. All experimental data were collected after

f]tead of thehflfth—ord?r LP f||teerecause Ol:r Str']mu“ dct)) no;tEeir response patterns in the adaptive-tracking procedure
ave more than two formants. Consequently, the number qf .o convergent and stable.

detected peaks at stage 6 is likely to be either one or two
depending on the separation of the two formants and their
relative levels. We use the modified PLP model to make2. Stimuli

predictions of the perceptual formari,) as a function of Two-formant vowel-like signaléeference vowelswere
formant frequency separation and amplitude ratio of a two-

f i thetic sianal. We hvoothesize that if onl generated using a formant synthesizer in parallel configura-
ormant synthetic signa’. Ye hypothesize that It only on€y,, The excitation source was either an impulse trédign (

local peak is detected, Iistengr_s match i.t at B If two =100Hz) or broadband, Gaussian noise. H&-F1 dis-
peaks are detected, the decision abBytis based on the tance was varied in five conditions: 1300—800, 1400-800,
frequency-level vecto_r of two local per_alks returngd_from the1400_700, 1500700, and 1700—600 Hz, equivalent to 2.5,
stage qf peak detegtlon. A more detailed description of th%.o, 3.6, 4.0, and 5.3 bark, respectively. For the 2.5-bark
model is p.resented n XL11997)'. . ..., Separation, four reference vowels were created with either a

n testmg' the COG effect n expenmer;t 1, the mOd'f'e,ddifferent excitation source or different bandwidths. For the
PLP model IS _used o predlct listeners performance Inremaining four conditions, only the formant frequency sepa-
matching an adj_ustable, smgle-formant_vowel signal to tWo'ration varied and the other parameters remained constant. A
formant vowel signals. The model predicts that summary of the parameters is given in Table I. The relative
(1) listeners will match single-formant variable signals tolevel A2/A1 of the two formants was manipulated frorR20

the COG of two-formant reference vowelse., F, dB to +20 dB in steps of 10 dB. This resulted in five relative

changes systematically with respect to the relative leveamplitude conditions for each reference vowel.

A2/A1) only when the distance betwe&l andF2 is The output sequence of the variable single-formant sig-

smaller than the critical distance of 3.5 bark; and nals was obtained by passing a source through a second-
(2) when the distance betweé&il andF2 exceeds 3.5 bark, order IR filter with the required=1 and BW1. In order to

listeners matclF, either closer td=1 or F2 or exhibit generate a sequence with two formants, the source was

chance performance. passed through a second IIR filtd¥Z, BW2). The output of

the second filter was then scaled and added to that from the

Experiment 1 also investigates the effect of spectral shapfirst formant. The scale factoAQ/A1) denotes the level of
(poorly defined spectral prominence versus well-definedhe second formant peak relative to that of the first.

spectral prominengeon the matching values &, ; and how Both the reference(two-formany and the variable
the type of excitation sourd@oise versus pulse traiaffects  single-formant target signals were generated by a TDT sys-
the matching values d¥, . tem Il D/A board controlled by a laboratory P@66-MHz

Pentium at a sampling frequency of 20 kHz. Signal duration
was 300 ms. After being shaped by a 5-ms cosine rise—fall
window, the signals were attenuated by a TDT program-
A. Methods mable attenuator and filtered by a passive analog filter
1. Listeners (TTE), with cutoff frequency at 8 kHz. Signals were played,

Three young adults, two female and one male, particiimonaurally, through the right channel of a Sennheiser HD-
pated. Two listeners were volunteer graduate students iA14-SL headset at 65 dB SL.

Il. EXPERIMENT 1: COG EFFECT IN TWO-FORMANT
SYNTHETIC VOWELS
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The use of noise-excited signals was motivated by the y i T
following two reasons. First, when synthetic vowels are g [
impulse-train excited, the interaction between source har- T
monics and formant frequencies on the effective bandwidth .& -5}
may become significant. The target spectral shapes of both @
reference and variable signals may be distorted, especially
when the frequencies of formant peaks are not in alignment
with source harmonics and the bandwidths of those formants
are relatively narrow. This suggests that noise-excited syn-
thetic vowels might be better suited for this kind of vowel-
matching task. A second advantage of using noise excitation
is to encourage subjects to focus on the formant frequency
comparison rather than on the fundamental frequency.

L
o

Magnitud
I
o

J s R

1000 1500 2000

)
o
o
S
S

3. Model predictions

The modified PLP model was applied to each two-
formant reference vowel. Selected results for vowel®.5-
bark separation, pulse-train-excijedre displayed in Figs.
2(a)—(c), which shows spectra for three relative formant lev-
els A2/A1=-20, 0, +20 dB, respectively The acoustic
spectrum (dashed ling auditory spectrum(dashed-dotted
line), and PLP-model spectrurgsolid line) are plotted to-
gether. The maximum level for each plot is aligned at 0 dB
for comparison. Essentially, the auditory spectrum reduces
the contrast between the peaks and valleys of the acoustic
spectrum(note, however, that the two peaks are still visjble
The model smoothes the auditory spectrum further so that in
each condition, there is only one peak. (@ (A2/Al1=
—20dB), the single peaks of the model spectra fall in the
vicinity of F1(800Hz), while in (c) (A2/Al
=+20dB), they are close t62 (1300 Hz). In(b) (A2/A1
=0dB), theF, prediction is betweerr1 and F2 but is
skewed toward the lower frequency.

The simulation results for the noise-excited vowel # 2
are similar to those for vowel # 1. The only difference is that

Magnitude in dB

G
=

Magnitude in dB

X
the model spectra have even broader peaks for the noise- U . 4 A \

(lag;i;edf source trc;ar: _f)orlthe.puIIS(ta.—exciteghsomsnee '>t('u,| 500 1000 1500 2000

, for more detai)s In simulations with supracritical :

separation of formantée.g., vowé # 7 with 4.0-bark sepa- Frequency in Hz

ration), two peaks are detected in the 0- and0-dB condi-  FiG. 2. Spectra derived from the proposed PLP model for a two-formant
tions. The difference between the two peaks is greater than vbwel # 1(2.5-bark formant separation, pulse-train exciteRielative level
dB. Thus, the predicted value &, is the higher peak near (A2/Al) ranges froma —20 dB, (b) to 0 dB, (c) to +20 dB. Acoustic

F2 in both conditions. In the remaining thré@/A1 condi- spectra(dashed ling auditory spectrdadashed-dotted lineand PLP model

. . ’ g . spectra(solid line) are plotted for eacth2/Al ratio.

tions (i.e., —20, —10, and+20 dB), only one peak is de-

tected, and the predictdd, is the frequency at that peak for formants reveals thatl) the single peak in the model spec-
each condition. trum becomes broader as separation increases(2rao

Note that the model spectrum more likely results in twopeaks are detected when separation exceeds the critical dis-
peaks whenever the two formants of the original signal are ofance. The two peaks become sharper as the formant distance
equal level(i.e., A2/A1=0dB). For a comparison across increases.
frequency separations, the results for vowels # 2, # 6, and # These simulation results applied to a set of two-formant
8 each withA2/A1=0 dB are shown in Fig. 3. For the sub- vowel-like signals indicate that the modified PLP model can
critical separation shown ife) (2.5 bark, vowel # B only  account for the COG effect reasonably well.
one peak it is detected in the model spectrum. For the two
supracritical separations depicted (in) (3.6 bark, vowel # 4. Procedures
6), and (c) (5.3 bark, vowel # 8 two peaks are detected The listeners were asked to indicate whether the spectral
successfully, although the second peaklinis not separated pitch of the variable single-formant vowel was higher or
by a valley as it is in(c). In the latter plot, the second for- lower than that of the two-formant reference vowel using a
mant peak is more than 1 dB higher in level than the first“double-staircase” adaptive tracking proceduféesteadt,
The trend observed with the increasing distance between thE980. The two-formant reference vowel was always pre-

S
22
o
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sequences. Thus, the, estimate for the descending se-
quence was at a level for which the variable signal was
judged higher than the reference signal on 71% of the trials.
For the ascending sequenég,was judged lower on 29% of
the trials.

In order to obtain the value &f, at a givenA2/A1 ratio,
each of these estimates was based on eight consecutive 70-
trial blocks of the double-staircase procedure. For each
block, the F, estimates for the descending and ascending
sequences were first obtained by averaging the reversal
points within each sequence. Then, the point-of-subjective-
equality, PSE, was estimated by simply averaging e
estimates from the two sequences.

The use of the double-staircase adaptive procedure in
lieu of the traditional matching tasks, as in early experiments
on COG, was dictated by preliminary results from Lester
(1996, who tested the COG hypothesis in a direct matching
experiment. The listeners heard one of the two signals, alter-
natively. They were asked to adjust the second variable
vowel to match the first vowel for quality. The results re-
vealed considerable variability in matching data. The
matches were tightly grouped around the lower formant fre-
quency whenA2/A1=-20dB, but more scattered when
| { | A2/A1=+20dB. Lester noted that direct matching to the
/ / i ' '\ “perceptual formant” was difficult even for well-trained sub-
KAl N : jects of the study. In related worketh et al, 1996, the

double-staircase adaptive procedure was used. The results
500 1000 1500 2000 showed that the dispersion of matching values at the higher
frequency formant disappeared. This indicates that improve-
T T T T ment in performance is related to eliminating inherently sub-

T jective judgments and including an objective criterion to
measure the correctness of responses. Thus, the decision
rules no longer continually select signals near the PSE but
focus instead on points above and below it. In this case, the
selection of signals by the adaptive procedure is controlled
only by the observer’s use of the two subjective response
categories and not by how the responses relate to the objec-
tive properties of the stimuli. Consequently, the difficulty of
the subjective tasks is greatly reduced.
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500 10‘00 1500 2000 IIl. RESULTS AND DISCUSSION

Frequency in Hz A. Overall results

The overall results of the experiment are shown in Figs.

FIG. 3. Spectra derived from the proposed PLP model for two-formant4 and 5. All three listeners showed similz’:u; matching val-
vowels for three differenF2—F1 separations and at a constant level )

A2/A1=0 dB. (a) vowel # 2(2.5 bark; (b) vowel # 6(3.6 bark; (c) vowel ues for all condl'glons for vowsl# 1 through # 52.5- and
# 8 (5.3 bark. Acoustic spectragdashed ling auditory spectradashed- 3.0-bark separatiomnsand # 8(5.3 bark. The data for these
dotted ling, and model spectrsolid line) are plotted for each vowel. conditions are therefore collapsed across the listeners. How-
ever, the results showed individual differences for vowels # 6
and # 7(3.6 and 4.0 bark, respectivelywhich have their
sented first and the variable single-formant target vowel sedrequency separations near the 3.5-bark critical distance.
ond, after a 600-ms silent interval. The listeners were in-These data were plotted for each subject individually in Figs.
structed to push the right button of the mouse whenever the§(b) and(c). Overall, the results indicate that frequency sepa-
judged the variable signal to be higher in pitch than the refration between the two formant peaks of the reference sig-
erence signal. When they judged it to be lower in pitch thamals along with their relative levels have an effect lep
the reference, they pushed the left button. The doublematching values. When the frequency separation between the
staircase procedure maintains two adaptive tracking rules stwo formants does not exceed 3.5 bark, listeners show simi-
multaneously. The “two-up, one-down” rulé_evitt, 1977 lar performance. The same is true for the supracritical sepa-
was applied to both the ascending and descending trackingtion of 5.3 bark. A substantial difference is observed in

A
@
2

O
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Average Values for Three Listeners The data were subjected to a two-way analysis of vari-
ance(ANOVA) with subject and relative levéi2/Al as fac-
T T : T T tors. The relative level was significant for all vowel condi-

S ] tions (p<0.001). Withdf=(4, 109, the largest--ratio of
0 Vowel #2 11 952.49 was obtained for vowel #(8.3-bark conditioin
ool - Vo se | and the smallesf ratio of F=492.68 for vowel # 1(pulse-

train, 2.5-bark condition The results of this ANOVA con-
firmed that, for each vowel condition, the lev&P/A1 had a
significant effect orf,. Listener differences were not signifi-
cant for vowe$ # 1 through # 5, and # 8, but they were
significant for vowes # 6 and # 7[F(2,105=31.78, p

1200

1000

Matched Frequency (Fy, in Hertz)

800 <0.001 and~(2,105)=22.51,p<0.001, respectively This
confirms the observed variability in listeners’ performance
600 k- ‘ . ' . . E for both 3.6- and 4.0-bark separations.
-20 -10 ] 10 20

Relative Formant Amplitude (Ao /A4 in dB)

FIG. 4. MeanF, matching values for vowsl# 1 through # 4(2.5-bark
separation, variable source, variable bandwidtfth changing amplitude B. The COG effect

ratio (A2/A1). Dashed lines mark the locationsl andF2. When the distance between the two formants of a refer-

ence vowel is smaller than the critical distari8es bark, F,
listeners’ performance when the frequency separation apralues are similar to those reported by Chistovich and Lub-
proaches the “critical region” near 3.5 bark. For both 3.6-linskaja (1979. For example, in Fig. 4, the data show a
and 4.0-bark separations, variable patterns of responses wegentinuous relationship betweény andA2/A1 for vowels #

obtained. 1 throudh # 4 (F2—F1=2.5bark). Consequently, all match-
Average Values for Three Listeners Individual Values for Three Listeners
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FIG. 5. F, matching values for vowsl# 5 througp # 8 with changingA2/A1l ratio. (&) meanF, values for three listeners for vowel #(8.0 bark; (b)
individual F,, values for each listener for vowel #(8.6 bark; (c) individual F,, values for each listener for vowel #%.0 bark; (d) meanF, values for three
listeners for vowel # 85.3 barK. Error bars at each data point represent 2 standard deviations. Horizontal dashed lines mark the lodafiossodt2.
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ing F, points fall betweerF1 andF2. However, the data taskin Chistovich and Lublinskaja’s study may have contrib-
show a different pattern of variance with relative level. Thatuted to this result as well.

is, the variance in the middle areAZ/A1=0 dB) is much The data in Fig. 5 show that, for each listener, the vari-
greater than toward the end82/A1= +20dB), regardless ance ofF, is smaller within the supracritical separation than
of the excitation source or formant bandwidth. Standard dewithin the subcritical separation. This is true especially for
viation for the —20-dB condition ranges from 5.01-19.53 the two formants with equal levels. This is similar to Chis-
and from 13.80—24.46 for the 20-dB condition, whereas thdovich and Lublinskaja’s results, in which most values for the
range for 0 dB is from 48.03—76.37. This might indicate thatsupracritical distance showed less variation than for subcriti-
listeners’ uncertainty was greater when the auditory systerdl separation. One explanation is that when the two for-
integrated the spectra of two equal-level formants than whefants of the reference signal are resolved, listeners simply
one of the two formants dominated. Another observation igick eitherF1 or F2 for F, match. However, the degree of
that the range oA2/A1 over whichF, changed as a function uncertainty in making judgments may be considerably re-
of A2/A1 is about 40 dB(—20 to +20 dB). Figure Fa) duced in the double-staircase procedure than in the tradi-
shows a similar result for 3.0-bark separation. These resulféonal adjustment task.

confirm the existence of spectral COG effect for two-formant

vowels when both formants are spaced closely enough tp. Formant bandwidths

display the predicted variation in the matching frequency of

the single-formant vowel. For the subcritical distance of 2.5 bark, four reference

vowels were generated with variable bandwidths. The results
for the noise-excited vowels # 2, # 3, and #ske Fig. 4
show thatF, values for vowel # 3(the narrowest formant
C. The critical distance bandwidth approximated closely the frequency values of ei-
) ) ) ther F1 or F2, whereas those for vowel # @he widest
Formant separations in the referen_ce 5|gnaI§ were set {andwidth were closer to the COG point. The only excep-
2.5, 3.0, 3.6, 4.0, and 5.3 bark to verify the existence of jon occurred wher2/A1=10dB. To investigate the effect

critical distance. For all three listeners, a continuous relationbf formant bandwidth, a mixed-design ANOVA was per-
ship between thd=, values andA2/A1l was observed for ¢5rmed onF, data for vowel # 2BW=80 H2), vowel # 3

frequency separations of up to 3 bark. However, when th?BW:45 Hz), and vowel # 4(BW=150 H2 with subject
separation between the formants of the reference vowel in5,q formant leveR2/A1 as two between-subject factors, and
creased, this continuous relationship gradually disappearegymant bandwidth as the within-subject factor. Formant
It is interesting to note that each listener showed a differen;nqwidth was significanfF(2,210)=17.172, p<0.001]
breakdown point. For 3.6-bark separat|@ig. S(b)], listener 54 5o were the interactions between bandwidth ARG

# 3 first shows a discontinuous relationship betwEgrand [F(8,210)=3.621, p<0.001], and bandwidth and subject
A2/A1, while the other two maintain the continuous relation-[F(4 210)=4.074,p<0.004]. The effect of subject was not
ship. For 4.0-bark separati¢fig. ()], listene # 1 demon-  gjgnificant[ F(2,105)=0.323,p<0.725] and the interaction
strates the breakdown, and only results from listener # 2)5,qwidth< subjectk A2/A1 was not significant
remain continuous. Finally, for 5.3-bark separatiffig. [F(16,210)=1.651,p<0.059].

S(d)], the continuity disappeared in the performance of all  These results are in accord with Beddor and Hawkins’
three listeners. This indicates that the three subjects had dif; g9 findings for their three bandwidth conditions: narrow
ferent estimates of critical distance. This distance may beg\y=45 H2), medium(BW=75 H2), and wide(BW=150
somewhere less t_han 3.6 bark for listener # 3, between 3. 2), thus supporting the hypothesis that the relative contri-
and 4.0 bark for listener # 1, and somewhat larger than 4.tion of formant frequency and amplitude might depend on
bark for listener # 2. A comparable pattern of responses Waghe spectral characteristics of signals. Beddor and Hawkins
obtained by Chistovich and Lublinskaja979 for the su-  propose that, in the matching task, formant frequency may be
pracritical separation. Performance of both their listeners difs,ore important than spectral shape for signals with well-
fered considerably in that one listener showed a clear disconyefined spectral peaks. Formant amplitudes and spectral
tinuous relationship betweerk, and A2/A1 and the gshape might be more important for signals with poorly de-
continuity did not disappear in the performance of the secong,¢q spectral peaks. In the former case, Eyemight lie
listener despite the large variation of the values=gf For  5ser to the formant frequency values. In our study, the
the latter listener, no clear breakdown point was obtained. el with narrower-than-normal formant bandwid¢45

_ Because the experimental procedure was already Vefyjz) had a well-defined spectral peak, while the vowel with
time consuming, we did not explore additional values of\iqer-than-normal bandwidttL50 H2 had a poorly defined

A2/Al to determine where exactly thie, values shifted  gpectral peak. Our results agree with Beddor and Hawkins’
abruptly fromF1 to F2. We can only determine that all fell hypothesis except whe~2/A1= 10 dB.

within A2/A1 values ranging from 0 te-10 dB. This differs
from results of Chistovich and Lublinskaja, where the shift
from F1 to F2 occurred whemA2/A1 was about-10 dB.
This discrepancy in results for one experimental condition is  Figure 4 shows the matchinig, values for the pulse-
most likely due to differences in the procedures used. Intrain-excited vowk# 1 and the noise-excited vowi 2 with
creased variability in the data collected in a direct matchinghe same frequency separati¢h5 bark and formant band-

E. Excitation source
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width (80 Hz). Generally, listeners showed similar response Two-tone Discrimination Results
patterns for the two reference signdis. values for vowel #
1 were lower than those for vow# 2 whenA2/A1 ranged 100

from —20 to 0 dB, and higher whef2/A1 was 10 or 20 dB. —o— Subj #1
The variances of the matching values were also comparable : 232{ zg
at eachA2/A1 level for the pulse-train and noise-excited 3

signals. For the two vowels, a mixed-design ANOVA was &

performed on theF, data with subject and relative level E’ 8ol

A2/Al as two between-subject factors, and excitation sourceg

type as a within-subject factor. Source type was not signifi- 8 g
cant[F(2,105)=1.281,p=0.260] and subject effect was not & 7o

significant[ F(2,105)=4.554,p=0.013]; however, the inter-
action between source type and relative |[ed@/Al was
significant[ F(8,105)=5.352, p=0.001]. This justifies the 60 - ' /m
use of Gaussian noise excitation in generating all reference
vowels to exclude potential effects of a harmonic complex
tone source. The interaction between source type and subject
was not significanfF(4,105)=1.731,p=0.182]. FIG. 6. Percentage of correct discrimination in a 2Q-2AFC task as a func-
Overall, these data suggest that listeners are able to pelfon of frequency separationf, of the two components in each complex-
form a specral integration which depends on frequencife P Sach dea pont s he erage of 150 e ndhicus povne
separation between two formants. The results confirm th@otted line indicates the jnd at 75%. The shaded region delimits the fre-
existence of a critical frequency region, in which the listen-quency separation from 2.5 to 3.6 bark.
ers’ behavior changes rather drastically. This region, identi-

fied as “critical distance” of about 3.5 bark in early matching anajog low-pass filter with a cutoff frequency at 8 kHz, as
experiments by Chistovich and Lublinskd[e979 and veri-  seq in experiment 1. Sound level was controlled by a pro-
fied with various degrees of success by subsequent researgiagmmable attenuator. Al signals were presented monaurally
may indicate a limit to the range of spectral integration thatthrough the HD-414-SL earphones at 50 dB SL.

the auditory system can perform. Thus, the observed COG  The two-cue, two-alternative, four-interval forced-
effect may reflect a more broadly defined auditory behaviogngice paradigm was used. The target signal was presented
which is not peculiar to the perception of speech sounds. Thgjith equal probability in either the second or the third inter-
second experiment was conducted to verify this possibilityya| The reference signal was presented in the remaining

The striking similarity of the two-tone resolution results of tyree intervals. For the target signal, the higher-frequency
Feth and O'Malley(1977) to the critical distance observed in component had the higher intensity, i.Al=+1 dB. As in

vowel matching tasks substantiates the claim that both theyperiment 1, the listeners were asked to indicate whether

critical region and the complex-tone discriminability esti- the pitch of the variable signal was higher or lower than that
mates may be related to a common mechanism, i.e., t0 & the reference signal.

auditory spectral resolving power.

200 400 600 800 1000

Frequency Separation (Hz)

At first, a two-up, one-down adaptive procedure was
used with the initial value of the frequency separatiar,

IV. EXPERIMENT 2: TWO-TONE SPECTRAL set at 100 Hz around the center frequency of 1000 Hz. How-
RESOLUTION BANDWIDTH ever, the spectral pitch of both target and standard signals
A Method changed whenevekf was changed from one value to an-

. Methods

other, and all three subjects reported that the task was too
The same three trained listeners from experiment 1 padifficult to perform in this adaptive procedure. Therefore, a
ticipated. As in the synthetic vowel task, all listeners werefixed standard procedure as in the Feth and O’Malley study
given an extensive practice on complex signals before pafl977), was used instead. Thef was fixed for a block of 50
ticipating in the second experiment. Data were collected afteffials and the percentage of correct discriminati®f{C),
there were no further improvements in their performance. Wwas recorded. Each data point at a giveh value was ob-
The stimuli used in experiment 2 were two-tone com-tained from 150 trials. The psychometric function for each
plex signals, which were geometrically centered around &ubject was generated by plottii(C) for Af values of
frequency,f. (1000 Hz) so thaff .= (f,f;)¥% Af=f,—f,. 200, 300, 400, 500, 700, and 1000 Hz.
In the target signal, the intensity differencAl(=L,—L,)
between the two components wad dB, while in the refer-
ence standard signall was —1 dB. The level of a given
component af; is designated by;. All signals were gener- Figure 6 displays psychometric functions for each of the
ated by the laboratory PC using the TDT system Il with D/Athree participants. Percentage of correct respori¥@s), is
board. Each signal had duration of 300 ms and was shapequotted as a function of the frequency differenc®f] be-
by a 5-ms cosine rise—fall window. The silent interval be-tween the two tones. Listeners #(®) and # 3(H) show
tween signals was 300 ms. The signals were played at performance similar to that in Feth and O’Mall€¥977),
20-kHz sampling rate. The smoothing filter was the samevhile the performance of listener #(2\) is clearly different.

B. Results and discussion

J. Acoust. Soc. Am., Vol. 115, No. 4, April 2004 Xu et al.: Bandwidth of spectral resolution 1661



For listenes # 1 and # 3, théP(C) values are high for tered difficulties. The question of adequate methodology to
moderateAf values near 200 Hz. Discrimination perfor- study the COG effect arose as a consequence of attempts to
mance drops wheAf exceeds 400 Hz. Th&f at which the formally account for its manifestation. Assmann’s study
listener'sP(C) falls to 75% is used to estimate the spectral(1991) showed no support for a COG effect using the first
resolution bandwidth. For these two listeners, the estimate itwo formants of multiformant back vowels. His results from
580 Hz. the vowel identification paradigm were also inconclusive.
Recall the results from experiment 1. We estimated thaThe use of matching tasks advocated by the Leningrad group
the critical distance for listemef 1 was somewhere between has also been questioned as the only, and perhaps not very
3.6 and 4.0 bark, while it was less than 3.6 bark for listenereliable procedure, to measure the COG effect. Considerable
# 3. The same tendency in performance is observed in exsariability in the data from Chistovich and Lublinskaja
periment 2. The shaded area in Fig. 6 extends from a fref1979 and Lester(1996 provide additional evidence that a
guency separation equal to 2.5 bark to one equal to 3.6 barkefinement in the experimental procedure to study the COG
The ability of these two listeners to distinguish between theeffect was necessary. It is worthwhile to note that both the
two-tone complexes drops below 75% within that same criti-“double-staircase” adaptive procedure used in Fetral.
cal region. In the vowel task, when the formant separation1996 and the two-cue, two-alternative forced-choice para-
was greater than the critical distance, we concluded that thgigm, as in Feth and O’'Malley1977), reduced the variabil-
auditory system failed to integrate across the two formantsy in the data.
(i.e., the two formants were resolvedn the two-tone dis- A more reliable methodology gave rise to the question of
crimination task, we assume that the discriminability ofthe role of the COG effect and the formant amplitude ratio in
complementary two-tone pairs dropped below 75% when th@stimating vowel quality. That is, for two closely spaced for-
two components were resolved by the auditory system. Thugnants, listeners performance is predictable. When the fre-
we conclude that both the critical distance between fOfmanthency Separation between the formants exceeds the 3.5-bark
and the complex-tone discriminability limit are dependentdistance, relative levels of the formants do not contribute to
upon the same auditory spectral resolving power. otherwise predictable listening behavior: decisions about
The performance of listene# 2 in the discrimination  yowel identity are based entirely on the frequency of the
task is very different from that of the other two listeners. Tthormants_ The experimenta] data on Russian vowels show
P(C) values fluctuate across the whalé range as seen in that, for a subcritical separation of 3.5 bark, a change in
Fig. 6. Even for moderataf values,P(C) does not ap-  A2/A1 ratio in two-formant vowels is perceptually equiva-
proach 100%. Furthermore, discriminability does not dropent to the frequency change which determines vowel quality.
with largerAf values. We have no explanation for why this In this study, we examined whether the COG effect
listener performed so differently. Although this listener was lays role other than approximating phonetic vowel quality.
given much more practice than the other two, she was unab onsequently, our listeners responded to the changes in
to do the task and her performance is clearly different. Thusygyel pitch, not vowel quality. In this respect, the task in
we cannot determine the spectral resolution bandwidth foéxperiment 1 was similar to that in experiment 2, in which
listener # 2. We infer from experiment 1 that her estimatedne same listeners responded to differences in pitch in two-
critical distance is greater than 4.0 bark. Based on this valug,,e signals. In testing the COG effect in experiment 1, we
alone, we might conclude that her spectral resolution bandsq,ght to verify the role of the critical separation of 3.5 bark
width is larger than 4.0 bark. This would lead us to predicti, gpectral integration, using both a more reliable experimen-
that her “=75%" estimate is greater than 800 Hz in the (5| hrocedure and model predictions incorporating the inter-
two-tone task. However, her performance in experiment 2.(ion hetween formant frequencies and their relative ampli-
was never regular enough to give us a solid basis 0 reatfyges. In this endeavor, we re-examined some aspects of
this conclusion. Chistovich and Lublinskaja’s resultd979 and introduced
further modifications to the methods such as source type
V. GENERAL DISCUSSION AND CONCLUSIONS (Gaussian noigeand bandwidth manipulations, as in Beddor
As outlined in the Introduction, the phenomenon of and Hawkins’ study1990. We used well-trained listeners as
spectral integration has been studied from two perspectivesubjects of our study because we were interested in the op-
i.e., as a perceptual averaging of a formant cluster in aptimal performance of the human auditory system in testing
proximating phonetic quality of vowelsFQ’ or center of the COG effect.
gravity of the cluster and as a frequency-displacement ef- The results of experiment 1 confirm that the COG effect
fect resulting from the interaction of frequency and relativeoccurs within the limit of spectral integration of 3.5 bark.
amplitude ratio of two closely spaced formarithe COG Listeners’ responses to changes in vowel pitch indicate a
effecy. A common underlying approach for the two lines of match in frequency according to the COG mechanism: when
research was to verify the early observations that spacing2 is much weaker thanF1 (A2/Al1=-20dB), the
between two formants plays an important role in makingmatches fall in the vicinity of the strongd¥l and, con-
perceptual decisions about vowel quality. versely, listeners match the frequency closefF fowhenF 1
Although linking the 3.5-bark limit of spectral integra- is weaker A2/A1=+20dB). However, when both formants
tion with F2' brought consistent experimental results to con-are of equal strengthA2/A1=0 dB), the matches fall some-
firm the importance of COG in estimating vowel quality in where between the two formants, and an increased variability
two-formant models, formalizing the COG effect encoun-is observed in the data. Crucially, this tendency is maintained
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for all conditions within the subcritical formant separation Model Predictions

for vowels # 2 through # 5.

In designing experiment 1, we hypothesized that spectral 3%
shape (poorly defined spectral prominence versus well- % 1200 1
defined spectral prominenceffects the matching values of =
F,. Accordingly, three two-formant vowels with variable 3 110}
bandwidth were generated with subcritical separation of 2.5§
bark (vowels # 2 through # % The vowel with narrower- § 1000 |
than-normal formant bandwidth of 45 Hz had a well-defined §

. . % 900}
spectral peakvowel # 3, and the vowel with wider-than- =
normal bandwidth(150 H2 had a poorly defined spectral 800
peak (vowel # 4. Model predictions were verified in the

experimental data. Listeners approximated the frequency o
eitherF1 or F2 for the narrow-bandwidth vowel # 3, thus
selecting one of the “stronger” peaks. For vowel # 4, theFIG. 7. Model predictions and experimental data for vowel €3 bark:
matches fell closer to a frequency between the formants) Predictions by the proposed PLP modet) by the IWAIF model,(V)

hich is i d with the COG effect. O It dby the spectral centroid model with linear amplitude weighti(®) the
VNGNS m_ apcor wi N eliect. U_'r r,esu Sl ~experimental data for vowel # 2; each error bar represents 2 standard devia-
model predictions support Beddor and Hawkins’ hypothesisions. The 3.5-bark rectangular window is used to select the spectra for the
with one exception, i.e., wheA2/A1=10dB. IWAIF and the centroid models. Horizontal dashed lines mark the locations

Experiment 2 verified earlier findings by Feth and ©f F1 andF2.
O’'Malley (1977 that spectral integration in two-tone com-

plex signals occurs within the limit of the 3.5-bark resolutionthan those in the experimental data. At this stage, it is still
bandwidth. Given that the responses in experiment 2 camgremature to determine which of the two models, the PLP
from the same participants as in experiment 1, we concludghodel or the IWAIF model, is better suited to predicting
that the complex-tone discriminability and the spectral inte-COG effects with greater accuracy. Further refining of the
gration limits reflect the same auditory spectral resolving\wAIF model is probably necessary, since we had to assume
power. This further suggests that the auditory processing odn arbitrary limitation on signal bandwidth to produce a rea-
complex signals at the intermediate stage, i.e., before highesonable prediction of performance.
level decision processes apply, is the same for speech and |n conclusion, the two experiments reported here have
nonspeech signals. shown that the 3.5-bark limit on spectral integration appears
As discussed in the Introduction, several models wereo reflect a property of auditory processing rather than some
previously proposed for predicting the performance of listenspecial processing unique to speech sounds. This study, and
ers asked to match an adjustable one-formant to a fixed twahat of Chistovich and Lublinskajd 979, used a small num-
formant signal. Early work suggested that a simple calculaper of very well-trained listeners, but some evidence for in-
tion of the spectral centroid of the two-formant signal would dividual differences in the size of the critical separation is
serve this purposéChistovichet al, 1979. We verified the  apparent in both. The effects of formant bandwidth and ex-
predictions of the spectral centroid model and also used theitation source were predictable. Finally, a preliminary com-
IWAIF model for a comparison with the present results. Fig-parison of model predictions of COG performance did not
ure 7 displays a summary of predictions of our modified PLPfavor one model strongly; however, the simple spectral cen-
model, the IWAIF model, and the spectral centroid modelitroid model was clearly the poorest at predicting listener
along with the group data for vowel #(2.5-bark separation, matches.
noise-exciteflaveraged across three listeners. To implement  The signals used in the current study were spectrally
the IWAIF and spectral centroid models, we assumed thastatic. That is, the parameters of both the adjustable and the
signal energy outside the critical distance was not availableeference signals remained constant for the entire duration of
for the calculation. the sound. Real speech sounds are typically dynamic; that is
Clearly, the spectral centroid model performs mosttheir formant frequencies and amplitudes change, sometimes
poorly in this comparison. The predicted relationship be-rapidly, over time. Lublinskaj#1996 has recently reported
tweenF, and relative formant levels does not fit the experi-that the COG effect can be demonstrated dynamically by
mental data. The endpoints are overestimatedFfbrpeak  amplitude modulation of formant amplitudes. Further work
and underestimated fd¥2 peak, and only the value at the on modeling of the COG effects therefore should take into
center of theA2/A1 range falls within the error bars. For account these dynamic effects.
both the PLP model and the IWAIF model, there is much
better agreement with the data. The PLP model predicts well
the performance at the endpoirite., both extreme\2/A1 ACKNOWLEDGMENTS
values but underestimates listeners’ matches by more than 2
standard deviations #&2/A1=0 dB. The IWAIF model, on This work was supported by a grant from AFOSR. The
the other hand, predicts listeners’ matches that fall just abovauthors wish to thank Douglas O’Shaughnessy and several
those obtained in the experiment. An exception to this tenanonymous reviewers of the manuscript for many helpful
dency is the=2 region where the predicted values are lowercomments.
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