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1. INTRODUCTION

When two talkers speak concurrently, a formant in one voice may be partially masked by a more iniense formant in
the competing voice. The partially masked formant may be displayed only as an irrcgularity on one of the skins of
the more inlense formant in the internal representation of the spectrum. Assmann and Summerfield (A&S}) [1] called
such irregularities "shoulders” and offered a formal definition which is included in Section 4.1, below. A&S found
that they could improve the accuracy of predictions of lisieners’ identification responses, 10 pairs of concurrendy
spoken vowels, by estimating the frequencies of formants from shoulders as well as peaks. Ii is possible, therefore,
that listeners also use shoulders 1o locate formants.

However, A&S's result can be explained in another way. Lisieners may use only peaks, not shoulders, to locate
formanits, 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 as well as peaks 10 locate formants.

Indirect evidence that formants can be specified by shoulders was provided by Chisiovich and Lublinskaya (2). They
derermined the position of the phoneme boundary between a central vowel and a back vowel by altering the intensity
of E1 in relation to a fixed F2. In some conditions, F1 was represented by a shoulder mather than a peak in the
boundary stimulus.

The aim of the experiments described in this paper was 10 provide a direct test of the hypothesis tha a formant can be
specified by a shoulder in the intemal representation of a vowcl.

2, METHODS

2.1 Stimuli .

Stimuli consisied of two types of sound, “maskers” and "target vowels”, Both were generated digitally by additive
harmonic synthesis (10,000 samples/s, 12-bit amplitude quantisation}. Each was 400ms in duration, Onsels and
offscts were shaped by the halves of a 10-ms Hanning window.

Each of the § maskers consisted of the first 50 harmonics of 100Hz, The same randomly generated phase spectrum
was used for each masker, The amplitudes of the harmonics were chosen such that the excitation patterns (3, 4] of the
maskers had slopes of -1, 0.5, 0, +1, and +2 dB/erb, pivoted about the 1000-Hz harmonic, Fig. 1 shows the eacitation
patierns of the five maskers, In their Fourier spectra, the maskers had slopes ranging from approatmately -5dB/octave
10 +10dB/ocatave, These values fall within the range from -6 10 +12dB/octave over which Dijkhuizen el al [5] found
lie variation in specch-reception thresholds for scnicnces in noise, implying that normal processes of speech
perception are possible.

The Larget vowels were steady-stale approximations to five monophthongal vowels of British English, /if, faf, /. A/
and /3/. Each consisted of 6 barmanics of 100Hz, chosen 1o straddle the Erequencies of whie first three formants listed
in Table 1. Five scis of targels were synthesized, ane for cach masker. The targels in each set were created by
retaining 6 harmonics from the corresponding masker, and sctting the amplitudes of the remaining harmanics 10 zero.
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2.2 Procedure

If a target vowel is added to its parent masker withoul attznuation, the levels of the 6 harmonics are raised by 5dB
relative to the remaining harmonics. We define the "spectral contrast” of the formants in the composite sound as the
diffcrence in level beiween the 6 harmonics and the remaining harmonics. Thus, the spectral contrast in this case is
6dB. I is illustrated in Fig. 2A which shows the physical spectrum of the sound that results from adding /3/
(+1dB/erb, OdB/ociave) 5o its parent masker without anenuation. The aim of the psychophysical procedure was to
adjust the inensity of the Largels so as to determine the minimum spectral contrast required for each vowel to be
idemtifiably different from the other four vowels.

Table I: Formant [requencics in Hz of the five

Slope
Is, The formant values were chosen o
Formant L N A o ;e :
Fl 250 650 250 350 450 gﬂ:jwun harmonics in a 100Hz harmonic
F2 2250 950 850 750 1250 T
F3 3050 2950 1950 2850 2650

Fig. 1. Excilation patierns, generated by

(dB/ERB) analysing the waveforms of the 5 maskers
with a bank of lincar overlapping bandpass

+2 “auditory” fihers. The gain of the fliers
reflecied the normal variation in absolute

+1 sensitivity with frequency. The rms output of
0 the filers has been plotied as a function of
their cenure (requency. The frequency axis
has becr scaled in units of the equivalem
_— reciangular bandwidths (erbs) of the filers,
Cne erb coresponds o a distance of

approximatcly 0.85mm along the cochlear

0 = t ' y Y partition. The O dB level represents the

0 3 10 15 20 25 30 absolute threshold of normal listeners.

(dB)

Sensatlion Level

Frequency (erbs)

The procedure was an adaptive 2-interval, S-aliemative forced<choice task (215AFC). A trial consisted of two
intervals. A masker was presented in both intervals. In one interval, chosen at random, one of the five wargets with the
same slope as the masker was also presented. The listener's 1ask was 1o indicate which interval cantained the target
and whal its identity was. The intensity of the largel was adjusted adaptively to estimate the spectral contrast required
for 71% correct responses [6]. Five adaptive procedures were run concurrenily, one for each vowel. Trials from the
five procedures were interleaved randomly, Thus, each run provided scparaie, but concurrent, eslimates of threshold
contras; for cach vowel. These estimates were averaged 1o provide an overall threshold from each run. At least four
runs were completed by cach subject in cach condition.

2.3 Presentation Levels

Stimuli were presented on-line (Tandon PC-AT) through a CED1401 interface. They were low-pass fillered at
4250Hz (Kema VBFSB, -135dB/ocuave), altcnuated, mixed, and presented through the left ear-picce of a pair of
Scnnheiser HD 414X headphones, The 1000-Hz componcnt of afl maskers was presented at a lixed level of 46dB(A),
giving levels of 52, 50, 51, 58, and 67 dB(A) for the maskers with slopes of -1, -0.5, 0, +1, and +2 dB/crb,
respectively,
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24 Subjects

Subjects were native speakers of British English and included the first author. Their ages ranged from 21 to 26 years.
Their audiomerric threshalds were within 154B of the ANSI standard [7] at audiometric frequencies between 0.5
and EkHz in both cars.

3. EXPERIMENT 1

Vowels are generally identified from the frequencies of the first two formants [e.g. 8], However, Table I shows that,
poientially, the five vowels could be distinguished solely from their dilferent F2s. Experiment 1 was run 1o ensure
that listeners perform the 2ISAFC 1ask phonetically by confirming that they use evidence of both F1 and F? 1
identify the warget vowels.

1.1 Methods particutar to Experiment 1

The masker and targets with slopes of +1dB/esb were used. Four conditions were run. For the 15t condition, 3 new set
of 1argets was created by boosting by 5dB the levels of the pairs of harmenics defining the Fls of the vowels. For the
2nd condition, the F2s were boosicd by 5dB. For the 3rd condition, the F3s were boosted by 5dB. For the 4th
condition, the baseline, the original unaltered targets were used. Note that boosting a formant by 54B does not
increase its contrast by this amount after the warget vowel has been added to its parcnt masker. Comparison of Figs.
2A and 2B shows that boosung F2 by 5¢B increases the contrast of F2 by only 2.9 dB when the arget vowel is added
10 i1s parent masker without auenuation. With attenuation, the incrcase in contrast is reduced.

Fig. 2A: Frequency specurum of a +1
db/ERB masker and an /3/ targel
B mixed without aticnuation, giving 6
dB of contrast. B: Spectrum as in A,
) .” but with F2 boosted by 5 dB, giving
2 3 4 5

S
=]

a contrast of 8.9 dB.
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The rationale for the cxperiment is as follows. Suppose that a lisiener performs the 215AFC task by discriminating the
frequency of F2, ignoring F1 and F3. In which case, the thseshold contrast for F2 will be constant across the four
conditions. In particular, threshold contrast will be the same in the condition where F2 is boosted as in the bascling
condition. Conversely, if the listener performs the 1ask by discriminating e frequency only of FI, contrast for F2
will be greates in the condition where F2 is boosted than in the bascline condition. Thus, the conUibution that a
formant makes to the vowel identification task can be estimated by determining hiow littlg threshold contrast is
increased, relative (o the baseline, when that formant is boosied.

3.2 Results of Experiment 1

The mean contrast at threshold in each condition, averaged over four subjects, has been plotied in Fig. 3. Error bars,
-where they extend beyond the ploiting symbels, show plus/minus one standard deviation computed from the within-
subjects variance. The left most point shows contrast in the baseline condition where none of the formants was
boosied. The lower horizontal fine, which intcrsects this point, indicates the threshold that would occur when a
farmant is boosted, if that formam alone controlled performance. The upper horizomal line indicates the threshold
that would be found il the boosted formant made no contribution. The four mean thresholds differ significandy
(F39=14.8, p<0.01) and post-ho¢ tests show the F1 and F2 conditions differ significantly from the other 1wo. The
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results are clear. Qverall, Fi and F2 control performance, while F3 makes no contribution. This pattern was shown by
fal, fif, /3, and pf individually. With /u/, all thrce formants played a role.

3.3 Discussion of Experiment 1

The finding that listzners use both F1 and F2 1o perform the
vowel-identification task suggests thar they performed
phonetically, despite the format of the psychophysical
procedure and the unusual spectral structure of the stimuli,
The ouicome is compatible with the experience of listening
to the stimuli, namely that they sound like vowels, even
when close 1o threshold.

Hi -

L
T

1

The baseline threshold contrast of 1.2dB is somewhat lower
than estimates of aboot 2dB  obtained with other
methodotogies [9, 10, 11). It is similar to the esimate of
1.3dB reponied by Henn and Turner [12]) as the contrast

Conltroal ai Threshold (dB)
®
®

Nane F1 F2 F3

created by the minimum detecuable increment in intensity of
the 1-kHz member of a 200-Hz harmonic series. Thus the
minimal spectral contrast that defines a formant is close to
the minimum that can be detected.

Farmant that ie Boomtsd by 5d4B
Fig 3: Results of Experiment 1, averaged
over subjects and vowels. "None™ signifies
no formant was boosted.

4. EXPERIMENT 2

Experiment 2 was designed o test the hypothesis that formants can be specified by shoulders in the excitation patem
of a vowel. Thresholds were measured separatcly with each of the five maskers using target vowels with no formanis
boosted. The S threshold stimuli estimated with each masker were then synthesized, and \heir excilation patterns were
examined o establish whether formants were defined by peaks or shoulders.

3 — T T

4.1 Resuils of Experiment 2

The mean contrast al threshold, averaged over four subjects,
has been plotted in Fig. 4 as a function of the spectral slope
of the masker, The five means differ significamly
(Fq,12=9.82, p<0.01). Post-hoc Iesis showed that the
threshold at +2dB/erb was significanily higher than the other
four thresholds which did not differ from each other,

L]
T
1

i

The 2§ stimuli corresponding to the subjects’ mean
thresholds were synthesized, Excitalion patterns  were
computed using the entire 400-ms duration of each stimulus,
Peaks and shoulders were located wsing the following L .
strategy which was derived from Scheffers [13]) and o -1 [} +1 +2
Assmann and SUMMERFIELD [1].(i) The excitation patiemn Sleps of Excilolion Poltern (oB/ERB) .
was sampled at ineger muliples of the fundamental Fig. 4: Results of Eaperiment 2 averaged
frequency {fy) w avoid confusing resolved harmonics with over subjects and vowels.

low-frequency formants, (i} Peaks were located as

ncgative-going zero-crossings in the st differential of the sampled excitation pauem computed with respect 10
frequency. {iif} Shouldcrs were located as positive-going zero-Crossings in the 3rd differential. The thin line in Fig.
5A shows the excitation pattern of a simplificd vowel comaining a peak a1 17.5 erbs and a shoulder at 20.5 erbs. The
fp is 100H2 The thick linc shows the sampled cacitalion patern. Fig. 5B shows that the peak is marked by a

Conlroat at Thresheid (dB)
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negative-going zero-crossing in the 1st differential. Fig. SC shows that both the peak and the shoulder are marked by

positive-going zcro-crossings in the 3rd differential.

Table Il summarises the resulis of applying this analysis to
the threshold stimuli, There are thres entries for each vowel
and slope, corresponding w F1, F2, and F3, from left 10
right. A # indicales that the formant was specified by a
peak, a ® indicates that the formant was specified by a
shoulder. A — indicates that np zero-crossing could be found
within +100Hz of the nominal formant frequency. With the
extreme slopes of -1dB/erb and +2dB/erd, several formants
were specified by shoulders rather than by peaks.

4.2 Discussion of Experiment 2

Table II shows that vowel identification generally requires
formants to be’specified as specural peaks. However, when
the ovenall spectrum slopes steeply, some formants of some
vowels need only be specified as shoulders. Does this mean
that lisieners interpret shoulders as evidence of formants?
Possibly not. Listeners could use the following strategy of
“spectral subtraction” [14] to perform the 2ISAFC wask: (i)
subtract the inemal spectrum of the masker from the
internal spectrum of the masker plus target 10 compute a
"difference pauem™; (ii) treat peaks in the difference paitern
as formants.

If listeners used this stralegy and the avditory sysiem were
linear, vowel identification thresholds would not vary with
spectral slope. Fig. 4 shows that thresholds do vary with
specral slope.  However, other factors including the
delerioration of frequency sclectivity at high intensities and
the difTicuity of detection near absolute threshold, may raise
thresholds when the overall slope is extreme. Accordingly,
Experiment 3 was run o0 determine whether thresholds are
raised if subjects are prevenied from benefiting from the
strategy of speciral subtraclion.

Slope
Vowel -1 0.5 0 +1 +2
i I I I IS Ry
faf WAR SIS SIS SRS ARR
N I A S S AR
N SRR S SIS S RR
N RS SIS S SRR

Proc.l.0.A. VoI 12 Pant 10 (1990)
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Ist Diff

3rd Ditf. (dB/erb>)

] 5 10 15 20 25 30
Frequency {erbs)

Fig. 5A: Excitation pawem and sampled

excitation pattern of a simplified vowel. B:

first differential. C: third differential of the

sampled excitation pattern.

Table II: Results of formant analysis for
Expeniment 2. Formants are specificd as peaks (o),
shoulders (%)} or not present (=), for all formants
(F1, F2 and F3 from lcfi to right), slopes and
vowels. See 1ext for dewails 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
esumaled for cach vowel separately with each slope. In Experiment 3, thresholds were estimated with slope varying
randomly (among the $ slopes) from trial 1o trial within the adaptive procedure for cach vowel, There were then four
conditions, distinguished by the aspects of the masker that differed between the two intervals of the forcedchoice
procedure, as follows: (i} inicnsity and slope did not dilfer; (ii) inlensity was fixed, stope varied randomly (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 sirategy in Condition (i}, but would be of little or no use in the
other three condiLions.

5.1 Results of Experimemt 3

The mean contrast at threshold in each condition, averaged -
over four subjects, has been ploned in Fig. 6. The letters
nexi to the condition numbers indicale whether level (L) or
slope (S} varied randomly wilhin trials, The four thresholds
do differ significandy (F3_9--6.3. p<0.05). Listeners
benefiled 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 stralegy in Experiment 2 1o convert shoulders in the

Contrast at Threshald (dB)

excitation pattern into peaks in the difference paliem. - ¢ S0 o Sl 7
It is not possible to verily that formants at threshold were o E i TP v
specified by shoulders rather than peaks in Experiment 3, Cendition

because a “composile” threshold was obuained for each Fig. 6: Resulis of Experiment 3. S signifies
vowel with slope randomly varying. Therefore, Eaperiment that slope varied and L signifies that level
4 was designed 10 estimate thresholds for each vowel varied between the two intervals of the tack.
separately with each slope, in a condilion were spectral 0 signifies no variation.

subtraction would not be beneficial.
6. EXPERIMENT 4

In Lhis experiment, slope and level were varied randomly between the intervals of the forced-choice procedure as in
Condition (iv) of Expcriment 3. However, 25 adaptive procedures were now intcrleaved to allow a separate threshold
1o be estimated for each vowel with each slope. Two subjects, AL and IL, were tested, Each had taken part in
Experiment 2,

6.1 Results of Experiment 4

Mean thresholds for each slope, averaged over the 5 vowels, have been ploued as the squares in Figs. 7A and 7B 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 significandy 25 a function of slope for both subjects (AL: F4 13=21.9, p<0.02; Fy |3=9.9. p<0.01), with higher
thresholds at the two extreme slopes.

The 25 threshold stimuli for each subject were synthesized and analysed 10 establish whether formants were specified
by peaks or shoulders using the procedure described in Section 4.1, The resulis are shown in Tables 11l (AL) and TV
{IL}. in the same format as Table 11. (The meaning of "4" symbals is explained helow,) Some formants of some
vowels were specified only by shoulders. ‘
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Slope
Vowel -1 0.5 [} +1 +2

N S I A I I
Al RS IS S SRR
N S S S SR AR
M oS S I IS —RE
B RS S S IS RxE

Contrasl al Thrashold (dB)
"
T T
Val
{K
i
Y
L "

Slope r b
Vowel -1 0.5 0 +1 +2
A I SIS IS SIS -Re e BB S
faf RS SIS S SRS RRR Slape &f Eacitation Patterna (dB/ERE)
LA AL A B o Fig 7: Squares show the results of subject
W ARE IS S SO b AL from Experiment 4. Circles show the
Bl RS I S SR Ane results for the same subject from

Experiment 2.
Table III {top) and Table IV (botom): Results of subjects ol I

AL and IL respectively {rom Experiment 4. #s indicate
peaks, %s indicate shoulders, 4s 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 results of Experiment 4 confim A&S's hypothesis that
listeners can detect formants that appear only as shoulders in
the excitation pattern of a vowel, This ouicome could imply
that listeners can detect formams from shoulders in (heir
own internal spectrum, However, this is not cenain because ¢
cxcitation patterns, as computed here, do not include effects
of non-tinearitics, such as latcral suppression, which might
convert shoutders inlo peaks,

Conlrasl ol Threshold {dB)

I N R

Siope ol Excitation Paitern (a3/ERA)
Fig. & Squarcs show the results of subject
IL from Experiment 4. Circles show the
results for the same subject from
Experiment 2.

1

Effccis of suppression are hard to predict preciscly.
However, an approximauon can be achicved by reducing
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-analised. Some
formants which appeared as shoulders in the previous analysis now appear as peaks. They are marked by #s in
Tables Il and IV. However, several others remain as shoulders.

7. CONCLUSIONS
These experiments have shown that when a vowel has a flat or gendy sloping spectrum, listeners with normal hearing

can detect a formant from a spectral peak that creales lite more than 1dB of spectral contrast, This figure is an order
of magnitudc smaller than the spectral contrast gencrally found when vowels are spoken naturally in quict, bt provides
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the necessary tolerance to sustain accurawe vowel identification when spectral contrast is reduced by noise,
reverberation, or impaired frequency selectivity.

When a vowel has a stecply sloping spectrum, listeners can delect somne formants from spectral shoulders rather than
speciral 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 uscful when a single speaker's
formants are close together in frequency.

In natural, and thus echoic, environments, harmonic amplitudes are distonied by cancellation and reinforcement from
echoes [e.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 o be sel considerably maore conservatively than
was possible here when signals were presented in quict through headphones.
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