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I. INTRODUCTION

When two talkers speak concurrently. a formant in one voice may be partially masked by a more intense formant in

the competing voice. The partially masked formant my be displayed only as an irregularity on one of the skins of

the more intense formant in the internal representation of the spectnrm. Assmann and Summerfield (AflS) [i] called

such irregularities “shoulders” and offered a formal definition which is included in Section 4.]. below. AdtS found

that they could improve the accuracy of predictions of listeners' identification responses. to pairs of concurrently

spoken vowels. by estimating the frequencies of fonnants from shoulders as well as peaks. It is possible. therefore.

that listeners also use shoulders to locate fonnanrs.

However. AdtS's result can he explained in another way. listeners may use only peaks. not shoulders. to locate

funnanrs. but may improve their performance by deploying a knowledge of other aspects of the spectral shape of

particular vowels. A&S's model of vowel identification did not possess this additional knowledge. However. it may

have compensated by using shoulders r5 well as peaks to locate formants.

lndirecr evidence that formaan can be specified by shoulders was provided by Chistovich and Lublinsltaya [2). They

determined the position of the phoneme boundary between a central vowel and a back vowel byaltering the intensity

of Fl in relation to a fixed Fz. In some conditions. Fl was represented by a shoulder rather than a peak in the

boundary stimrflus.

The aim ofrhe experiments described in this paper was to provide a direct test of the hypothesis that a formant can be

specified by a shoulder in the intenral representation of a vowel.

2. METHODS

2.] Stimuli '

Stimuli consisted of two types of sound. "masItcrs" and "target vowels". Both were generated digitally by additive

harmonic synthesis (10.000 samples/s. 12-bit ampliurde quantisation). Each was 4mm in duration. Onsets and

offsets were shaped by the halves of a 10-ms Hanning window.

Each of the S maskers consisted of the first 50 hamlonics of lOOHz. The same randomly generated phase spectrum

was used for each masher. The amplitudes of the harmonics were chosen such that the excitation patterns [3. 4] of thc

maskers had slopes of -l. -0.5. 0. +l. and +2 dB/erb. pivoted about the lOOO-Hl harmonic. Fig. I shows the excitation

patterns of the five maskers. In their Fourier spectra. the masters had slopes ranging from approximately -5dB/octave

to +l0dB/ocatave. These values fall within the range from -6 to +lZdB/oetave over which Dijkhuizen er al [5] found

little variation in speech-reception thresholds for sentences in noise. implying that normal processes of speech

perception are possible.

The target vowels were sready«state approximations to five monophrhongtrl vowels of British English. fr]. /a/. [u]. N

and [3]. Each consisted of 6 harmonics of lOOHz. chosen to straddle the frequencies of the first three forrnants listed

in Table l. Frve sets of targets were synthesized. one for each masker. The targets in each set were created by

retaining 6 harmonics from the corresponding masker. and setting the amplitudes of the remaining harmonics to zero.
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2‘! Procedure
[1‘ a target vowel is added to its parent maskcr without attenuation, the levels of the 6 harmonics are raised by Ext}!
relative to the remaining harmonics. We define the "spectral contrast" of the fonnants in the composite sound as the
difference in level between the 6 hartnonics and the remaining harmonics. Thus. the spectral utmost in this case is
6dB. It is illustrated in Fig. 2A which Show the physical spectrum of the sound that results from adding [1/
(+tdBlcrb. OdB/octave) IO its parent masker without attenuation. The aim of the psychophysical procedure was to
adjust the intensity of the targets so as to determine the minimum spectral conu-ast required for each towel to be
identifiably different from the other four vowels.

51 Table I: Fomtant frequencies in Hz of the five
N l3] [Elm N [1/ vowels. The formant values were chosen to
250 650 250 350 450 fall between harmonies tn a mom. hannontc

2250 950 350 750 1250 “7‘”
3050 2950 1950 2850 2650

    

A 70 Fig, l: Excitation pauems. generated by
E 60 (dB/5R3) analysing the waveforms at the 5 maskers
v with a bank of linear overlapping bandpass
— 50 _+2 "auditory" filters. The gain of the filters
3 reflocwd the normal variation in absolute
3 40 +1 sensitivity with frequency. The n'rts output of

0 the filters has been plotted as a function of
g 30 their centre frequency. The frequency axis
2 20 ‘0‘5 has been scaled in units of the equivalent
a —_ -1 rectangular bandwidths (erhs) of the filters
3 10 One erb corresponds to a distance of
w approximately 0.85mm along the cochlear

  

00 5 1o 15 20 25 30 partition. The 0 as level represenu the
absolute threshold of normal listean

Frequency (erbs)

The procedure was art adaptive 2»interval. S-altemative forced-choice task (ZISAFC). A trial consisted of two
intervals. A masker was presented in both intervals. In one interval, chosen at random. one of the five targets with the
same slope as the maskct was also presented. The listener's task was to indicate which interval contained the target
and what its identity was. The intensity or the target was adjusted adaptively to estimate the spectral contrast requier
[or 71% correct responses [6]. Five adaptive procedures were run concurrently. one for each vowel. Trials from the
five procedures were interleaved randomly, Thus. each rtrn provided separate. but concurrenL estimates of threshold
contrast for each vowel. These estimates were averaged to provide an overall threshold from each run. At least four
runs were completed by each subject in each condition,

2.3 Presentation Levels
Stimuli were presented on-line (Tandort PC-AT) through a CEDlAOl interfaces They were low-pass filtered at
AZSOHz (Kemo VBFB. -l35dB/octavc). attenuated. mixed, and presented through the left ear-piece of a pair of
Scnnhe‘tscr HD 414x headphones. The lOOO~Hz component ol'all maskers was presented at a fixed level of46dB(A).
giving levels of 52. 50, SI. 58, and 67 dB(A) for the maskers with slopes of -l. -0.5. 0. +l. and 02 dB/crb.
rcspwtivcly.
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2.4 Subjeco
Subjects were native speakers of British English and included me first authort Their ages ranged from 2] to 26 years.
Their audiometn'e thresholds were within lSdB of the ANSI standard [7] at audiometrie frequencies between 0.25
and 8km in both cars.

3. EXPERIMENT 1

Vowels are generally identified from the frequencies of the first two formant: [c.g. 8]. However. Table l shows that.
potentially. the five vowels could be distinguished solely from their different F25. Experiment 1 was run to ensure
that l‘uteners perform the ZISAFC task phonetically by confirming that they use evidence of both F1 and F2 to
identify the target vowels.

3.] Methods particular to Experiment 1
The matter and targets with slopes of +ldB/erb were used. Four conditions were ntn. For the lst condition. a new set
of targets was created by boosting by M3 the levels of the pairs of harmonies defining the F15 of the vowels. For the
2nd condition. the F25 were boosted by SdB. Forthe 3rd condition. the F3: were boosted by SdB. For the 4th
condition. the baseline, the original unaltered targets were used. Note that boosting a formant by SdBdoes not
increase its contrast by this amount after the target vowel has been added to iLs parent masker. Comparison of ths.
2A and 23 shows that boosting F2 by 563 increases the coth of F2 by only 2.9 dB when the target vowel is added
to its parent masker without attenuation. With attenuation. the increase in contrast is reduced.

 

   Fig. 2A: Frequency spectrum ofa +1
A '0 Q ‘0 deERB masker and an [3/ target
5 A 3 mired without attenuation. gin’ng 6
a 8 dB of contrast. B: Spectrum as in A.
3 ° 3 ° but with F2 boosted by 5 dB. giting
: : a contrast of 8.9 dB.

E -m 3 -m
o t z 5 4 5

Frequency (kHz) Frequency (kHz)

The rationale for the experiment is as follows. Suppose that a listener performs the 215AFC taslt by discriminating the
frequency of F2. ignoring F1 and F3. in which case. the threshold eonuast for F2 will be constant across the four
conditions In particular. threshold conuast will be the same in the condition where F2 is boosted as in the baseline
condition. Conversely. if the listener performs the task by discriminating the frequency only of Fl. contrast for PI
will be greater in the condition where F2 is boosted than in the baseline condition. Thus. the contribution that a
formant makes to the vowel identification task can be estimated by determining how '11: threshold conu-ast is
increased. relative to the baseline. when that formant is boosted.

3.2 Results of Experiment I
The mean contrast at threshold in each condition. averaged over four subjects. has been plotted in Fig. 3. Error bars.
where they extend beyond the plotting symbols. show plus/minus one standard deflation computed from the within-
subjecls variance The left must point shows contrast in the baseline condition where none of the formaan was
boosted. The lower horizontal line, which intersects this point. indicates the threshold that would occur when a
fonnant is boosted. if that formant alone controlled performance. The upper horizontal line indicates the threshold
that would be found if the boosted formant made no contribution. The four mean thresholds differ significantly
(F33=l4.8. p<0.0t) and part~hoc tests show the FI and F2 conditions differ significantly from the other two. The
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results are clear. Overall, F1 and F2 control performance, while F3 makes no oonuibution. This pattern was shown by
(ah/V. Ill. and l)/ individually. Willi [It]. all three fonnants played a role.

3.3 Discussion of Experiment I
The finding that listeners use bothF1 and F2 to perform the
vowel-identification task suggests that they performed
phonetically, despite the format of the psychophysieal
procedure and the unusual spectral stntcture of the stimuli.
The outcome is compatible with the experience of listening
to the stimuli. namely that they sound like vowels. even
when close to threshold.

The baseline threshold contrast of 1.2:“; is somewhat lower
than estimates of about 2dB obtained with other
methodologies [9. 10, 11]. it is similar to the estimate of
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l.3dB reported by Henri and Turner [12] as the contrast ° Nana Ft :2 r3
created by the minimum detectable increment in intersity of '°""‘"“ W" " Bull” b! 5‘3
the l-kHz member of a zoom harmonic series. Thus the Fig 3: Results of Experiment 1. avenged
minimal spectral contrast that defines a formant is close to 0"" “51°05 and VOWiS- "NOW" Sigma“
the minimum that can be detected. no formant was bOOSIEd.

4. EXPERle 2

Experiment 2 was designed to test the hypothesis that formant: can be specified by shoulders in the excitation pattern
of a vowel. Thresholtk were measured Separately with each of the five maskers using target vowels with no formant:
boosted. The 5 threshold stimuli estimated with each masker were then synthesized. and their excitation pattems were
examined to establish whether forrnants were defined hy peaks or shoulders.

4.] Results of Experiment 2 J
The mean contrast at threshold. averaged over four subjects.
has been plotted in Fig. 4 as a function of the spectral slope
of the masher. The five means differ significantly
(F.4_12:9.82. p<0.01). Post-hoe tests showed that the
threshold at +2dB/erh was significantly higher than the other
four thresholds which did not differ from each other.

at

The 25 stimuli corresponding to the suhjccls' mean
thresholds were synthesized. Excitation patterns were
computed using the entire 400-ms duration of each stimulus.
Peaks and shoulders were located using the following
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strategy which was derived from Schefrers [l3] and —1 o H +2
Assmann and SUMMERFIELD[l].(i)Theertcitation pattern 5”” °' "=“N‘M "Hem tea/E“)

was sampled at integer multiples of the fundamental FiE- ‘1 RCSHI'S 0" EXPflimcm 2 “3118941
frequency (/0) to avoid confusing resolved harmonics with 0"” sum-@153“ VOWCiSt
low-frequency fonnants. (ii) Peaks were located as
ncgative-going zero-crossings in the lst differential of the sampled exciL'ttion pattern computed with respect to
frequency. (iii) Shouldch were located as positive-going zemcmssings in the 3rd differential. The thin line in Fig.
5A shows the excitation pattern of a simplified vowel containing a peak at 17.5 erhs and a shoulder at 20.5 erbs. The
[0 is lOOHr. The thick line shows the sampled excitation pattern. Fig. SB shows that the peak is marked by a
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negative-going zero-crossing in the lst differential. Fig. 5C shows that both the peak and the shoulder are marked by
positive-going Zorn-crossings in the 3rd differential.

Table II summarises the "suits of applying this analysis to
the threshold stimuli. There are three entries for each vowel
and slope. corresponding to F1. F2. and Fa, from left to
right. A I indicates that the formant was specified by a
peak. a 8 indicates dial the formant was specified by a
shoulder. A - indicates that no zero-crossing could be found
within 1100112 of the nominal formant frequency. With the
extreme slopes of -ld.B/erb and +2dl3lerb. several formants
were specified by shoulders rather than by peaks.

4.2 Discussion of Experiment 2
Table ll shows that vowel identification generally requires
formaan to be'specified as spectral peaks. However. when
the overall spectrum slopes steeply. some formaan of some
vowels need only be specified as shoulders. Does this mean
that listeners interpret shoulders as evidence 0! fon-nants?
Possibly not Listeners could use tlte following strategy of
‘specu-al subtraction" [l4] to perform the ZISAFC task: (i)
subtract the internal spectrum of the masker from the
internal spectrum of the masher plus target to compute a
"difference pauem': (ii) treat peaks in the difference pauem
asformams.

lf listeners used this strategy and the auditory system were
linear, vowel identification thresholds would not vary with
specu-al slope. Fig. 4 shows that thresholds do vary with
specual slope. However. other factors including the
deterioration of frequency selectivity at high intensifies and
the difficulty of detection near absolute threshold. may raise
thresholds when the overall slope is extreme. Aocordingly.
Experiment 3 was run to determine whether thresholds are
raised if subjects are prevented from benefiting from the
suategy of spectral subtraction.
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Fig. 5A: Excitation pauern and sampled
excitation patient of a simplified vowel. 3:
first differential. C: third diilerential of the
sampled excitation pattern.
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Table ll: Results of formant analysis for
Experiment 2. Fonnants are specified as peaks (I).
shoulders (I!) or not present (-), for all forrnnnts
(Fl, F2 and F3 from left to right). slopes and
vowels. See text for details of analysis.
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5. EXPERIMENT 3

There was a major procedural difference between Experiment 3 and Experiment 2. In Experiment 2, thresholds were
estimated for each vowel separately with eachslope. In Experiment 3. thresholds were estimated with slope varying
randomly (among the 5 slopes) from trial to trial within the adaptive procedure for each vowel. There were their four
conditions. distinguished by the aspects of the masker that differed new the two intervals of the forcedchoice
procedure. as follows: (i) intensity and slope did not differ. (ii) intensity was fixed. slope varied tandome (among the
5 slopes); (iii) slope was fixed. intensity varied randomly over a 10 dB range; (iv) both slope and intensity varied
randomly. Spectral subtraction would be a beneficial strategy in Condition (i). but would be of little or no use in the

other three conditions.

5.l Results of Expa'imenll!
The mean contrast at threshold in each condition. averaged-
over four subjeCIs. has been planed in Fig. 6. The letters
next to the condition numbers indicate whether level (L) or
slope (S) taried randomly within trials. The four thresholds
do differ significantly (F3_9=6.3. p<0.05). Listeners
benefited from spectral subtraction when it was a useful
option in Condition (i) and suffered from the inability to use
it in Condition (iv). It is possible. therefore. that listeners
used the strategy in Experiment 2to convert shoulders in the
excitation pattern into pals in the difference pattern. C
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it is not possible to verify utat formaan at threshold were ° 3 i i ' iv
specified by shoulders rather than peaks in Experiment 3. CM“? |'°"
because a "composite" threshold was obtained for each He 62 Results of BMW"! 3- 5 signifies
vowel with slope randomly varying. Therefore. Experiment "m slot» varied and 1— siznifies that level
4 was designed to estimate thresholds for each vowel varied between thc two intervals of the task.
separately with each slope. in a condition were spectral Osignifies no variation.

subtraction would not be beneficial.

6. EXPERIMENT 4

in this experiment. slope and level were varied randomly between the intervals of the forced-choice procedure as in

Condition (iv) of Experiment 3. However. 25 adaptive procedures were now interleaved to allow a separate threshold
to be estimated for each vowel with each slope. Two subjects. AL and IL. were tested. Each had taken part in
Experiment 2.

6.] Results ofExperimentA
Mean thresholds (or each slope. averaged over the S vowels. have been plotted as the squares in Figs. 7A and 78 for
AL and IL. respectively. Error bars show plus/minus one standard deviation of the mean. For comparison. the circles
show the same subjects' thresholds from Experiment 2. Thresholds were somewhat higher in Experiment 4 and again
differ significantly as a function of slope for both subjects (AL: F4'12—-21.9. p<0.01;l-‘4'1f9.9, p<0.0l). with higher
thresholds at the two extreme slopes.

The 25 threshold stimuli for each subject were synthesized and analde to establish whether lormnnts were specified

by peaks or shoulders using the procedure described in Section 4.l. The results are shown in Tables lll (AL) and IV
(IL). in the Lime format as Table ll. (The meaning of "4" symbols is explained below.) Some forrnrtnts of some
vowels were specified only by shoulders.
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     Table lll (top) and Table IV (bottom): Results of subjects

AL and IL respectively from Experiment 4. Is indicate
peaks. 35 indicate shoulders, Al's indicate a shoulder is
transformed into a peak when suppression is accounted for
and -s indicate no feature could be found.

6.2 Discussion of Experiment 4

The rcsulLs of Experiment 4confirm A&S‘s hypothesis that
listeners can dctcct formants that appear only as shoulders in
the excitation pattern of a vowel. This outcome could imply
that listeners can detect fomtants from shoulders in their
own internal spectrumr However, this is not certain because
excitation patlcms. as computed here. do not include effecLs
of non-linearities. such as lateral suppression. which might
convert shoulders into pails.

Effchs of suppression are hard to predict precisely.
However, an approximation can be achieved by reducing
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Fig 7: Squares show the results of subject
Al. from Experiment 4. Circles show the
results for the same subject from
Experiment 2.
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Fig. 8: Squares show the rcsulLs of subject
IL from Experiment 4. Circles show the
results for the same subject from
Experiment 2.

the bandwidths of the filters in the filter bank by 20%,since suppression reduces the bandwidths of auditory filters by
about this amount [15]. This change was made and the threshold stimuli from Experiment 4 were re-analiscd. Some
formaan which appeared as shoulders in the previous analysis now appear as peaks. They are marked by +5 in
Tables Ill and IV. However. several othets remain as shoulders.

These experiments have shown that when a vowel has a flat or gently sloping spectrum. listeners with normal hearing

7. CONCLUSIONS

can dctut a formant from a spectral peak that creates little more than ms of spectral contrast. This figure is an order
of magnitude smaller than the spectral contrast generally found when vowels are spoken naturally in quiet. It provides
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the necessary tolemnce to sustain accurate vowel identification when spectra] contrast is reduced by noise.

rcvcrlteration. or impaired frequency selectivity.

When a vowel has a steeply sloping spectrum. listeners can detect some formants from spectral shoulders rather titan
specoal peaks. This ability may be useful when more than one talker is speaking and a formant in one voice is
partially masked by a more intense formant in the competing voice. It may also be useful when a single speakers
formaan are close together itt frequency.

In natural. and thus echoic. environments. harmonic amplitudes are dist/med by cancellation and reinforcement from
echoes [c.g. 16] creating spurious peaks and shoulders in the spectrum. In such circumstances. the criterion for
accepting a peak or shoulder as evidence of a formant would have to be set considerably more conservatively than
was possible here when signals were presented in quiet through headphones.
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