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There exists no clear understanding of the importance of spectral tilt for perception of stop
consonants. It is hypothesized that spectral tilt may be particularly salient when formant patterns are
ambiguous or degraded. Here, it is demonstrated that relative change in spectral tilt over time, not
absolute tilt, significantly influences perception of /b/ vs /d/. Experiments consisted of burstless
synthesized stimuli that varied in spectral tilt and onset frequency of the second formant. In
Experiment 1, tilt of the consonant at voice onset was varied. In Experiment 2, tilt of the vowel
steady state was varied. Results of these experiments were complementary and revealed a significant
contribution of relative spectral tilt change only when formant information was ambiguous.
Experiments 3 and 4 replicated Experiments 1 and 2 in an /aba/-/ada/ context. The additional tilt
contrast provided by the initial vowel modestly enhanced effects. In Experiment 5, there was no
effect for absolute tilt when consonant and vowel tilts were identical. Consistent with earlier studies
demonstrating contrast between successive local spectral features, perceptual effects of gross
spectral characteristics are likewise relative. These findings have implications for perception in
nonlaboratory environments and for listeners with hearing impairment. © 2008 Acoustical Society
of America. �DOI: 10.1121/1.2817617�

PACS number�s�: 43.71.Es �JES� Pages: 386–396
I. INTRODUCTION

Experience with multiple acoustic differences between
speech sounds gives rise to trading relations between at-
tributes or cues for identification �e.g., Repp, 1982�, thereby
making speech perception robust �Kluender and Alexander,
in press�. When one attribute becomes less informative or
ambiguous, perceptual constancy can be maintained by in-
formation provided by other attributes. For example, voice
onset time �VOT� and fundamental frequency �f0� often co-
vary in the production of stop consonants, with shorter VOTs
and lower f0’s corresponding to voiced consonants. Whether
because of learned covariation �Holt et al., 2001� or general
auditory processes �Kingston and Diehl, 1994�, increases in
VOTs can be offset to some extent by decreases in f0 in
order to maintain the perception of voicing �Whalen et al.,
1993�. In other words, perception of voicing is not an abso-
lute function of VOT or f0, but is dependent on these and
other attributes of the signal. The literature is replete with
examples of these trading relations �e.g., Repp 1982�, which
are by-products of the perceptual system’s natural ability to
extract relationships among multiple sources of information.

Spectrally global sources of information, such as gross
spectral tilt �i.e., the balance of low- and high-frequency en-
ergy�, may contribute to perception of place of articulation in
stop consonants. However, the majority of research concern-
ing gross spectral properties of stop consonants varying in
place of articulation has been conducted to support or to
critique claims of acoustic invariance �e.g., Stevens and
Blumstein, 1978, 1981; Blumstein and Stevens, 1979, 1980;
Blumstein et al., 1982; Walley and Carrell, 1983; Kewley-
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Port, 1983; Lahiri et al., 1984; Kewley-Port and Luce, 1984;
Dorman and Loizou, 1996�. It is now generally accepted that
multiple sources of information influence perception and that
no one source is absolute or invariant across all acoustic
contexts for all listeners. It is likely that the importance of a
particular acoustic attribute of speech is at least related to �1�
its reliability �mean differences and variance� in distinguish-
ing phonemes across speech contexts �2� listeners’ sensitivity
�ability to discriminate differences� to the attribute across
phonemes, and �3� the presence of other acoustic attributes.
Much work has focused on the first of these �see the follow-
ing�, but much less work has been done on the last two. For
example, little is understood about how changes in the rela-
tive sensitivity of different acoustic attributes accompanying
sensorineural hearing loss influence their importance in
speech perception. This is the focus of other work in this lab.
The focus of the current work on normal-hearing listeners is
to examine how a spectrally global attribute, gross spectral
tilt, conspires with spectrally local information, formant
peaks, to inform perception of place of articulation in stop
consonants.

Much of the research on gross spectral tilt in speech
emanated from Stevens and Blumstein’s work �e.g., 1979,
1980; Stevens and Blumstein, 1978, 1981� which advanced a
strong argument that an invariant acoustic marker for place
of articulation in stop consonants can be found by integrating
the spectral energy of the first 25 ms or so following the
onset of the release burst. For voiced consonants with absent
or short-duration bursts, this integration window includes not
only burst energy but also the first one or two pitch pulses
associated with the onset of voicing. Stevens and Blumstein
argued that perception of place of articulation is primarily
determined by the shape of the stimulus onset spectrum,
which is governed by the size and shape of resonator cavities

created by different constriction points in the oral tract. In a
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preemphasized signal �+6 dB /oct.�, a labial place of articu-
lation is characterized by a “diffuse-falling spectrum” �i.e.,
negative spectral tilt�, an alveolar place of articulation by a
“diffuse-rising spectrum” �i.e., positive spectral tilt�, and a
velar place of articulation by a “prominent midfrequency
spectral peak.” Kewley-Port �1983�, who advocated for clas-
sification templates based on kinematic spectral features
through the first 40 ms following stimulus onset, also
adopted this classification convention for place of articula-
tion, in addition to the timing of voice onset and the presence
of midfrequency peaks. In contrast to early work �e.g., Liber-
man et al., 1952; Halle et al., 1957� that was event based and
focused on spectral shape information exclusively in the
burst, the spectral features in both the Stevens and Blumstein
framework and the Kewley-Port framework extend to the
vocalic portion of the syllable because they are time based
and not limited to the burst.

Refinement of the above-mentioned approach as a tem-
plate for invariance was motivated in part by the failure to
accurately classify stops in Malayalam and French �Lahiri et
al., 1984� and by conflicting-cue experiments that seemed to
indicate that onset frequencies of formant peaks influenced
perception of stop consonants much more than absolute
spectral tilt �Blumstein et al., 1982; Walley and Carrell,
1983�. Both Blumstein �Lahiri et al., 1984� and Kewley-Port
�Kewley-Port and Luce, 1984� altered their original tem-
plates based on static spectral shapes to include a kinematic
component based on the relative change in tilt. That is, a
positive change in tilt was used as characteristic marker for a
labial place of articulation and a negative change in tilt for an
alveolar place of articulation.

Lahiri et al. �1984� devised a perceptual experiment to
support their classification data. Synthesizing “prototypical”
consonant-vowel �CV� syllables as produced by a French
speaker, they altered either the tilt of the burst or the tilt of
the voicing onset of �b� and �d� in five different vowel con-
texts ��i�, �e�, �a�, �o�, �u��. For the �b� exemplars, relative tilt
was altered to more closely resemble the pattern for �d�. That
is, the tilt of the burst was increased to a diffuse-rising spec-
trum or the tilt of the voicing onset was decreased while the
tilt of the burst was held constant so the change in tilt was
negative. The opposite was done for the �d� exemplars. La-
hiri et al. found that most of the stimuli were classified as the
phoneme cued by relative tilt, and tilt manipulation of the
burst was slightly more effective at altering perception than
tilt manipulation of voicing onsets.

Several limitations of the Lahiri et al. �1984� perceptual
experiment motivate the need for a clearer demonstration of
the use of relative spectral tilt in speech perception. First,
relative spectral tilt was considered only as a categorical
variable using an arbitrary metric based on the ratio of the
energy difference in the spectral envelope between burst and
voicing onset at 3500 Hz and the difference at 1500 Hz. At
the time, one was limited to this crude metric of relative tilt
given the difficulty in generating the different tilts via for-
mant amplitude manipulation in the parallel branch of the
Klatt synthesizer �Klatt, 1980�.1 As noted by the authors,
“because there was overlap in the skirts of the filters, a

change in the amplitude of one formant peak often resulted
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in a change of spectral shape for other formant peaks” �p.
401�. Finally, as noted by Dorman and Loizou �1996�, the
exemplar stimuli of Lahiri et al. were perceptually impover-
ished; 12 of the 30 subjects could not reliably identify the
exemplar stimuli above 70% in three of the five vowel con-
texts.

Dorman and Loizou �1996� took a slightly different ap-
proach to the perceptual experiment of Lahiri et al. �1984�.
First, they used naturally produced speech rather than syn-
thesized speech, which resulted in near perfect identification
of the exemplar stimuli. Next, using the fast-Fourier trans-
form �FFT� magnitude spectra of the stimuli, they altered the
tilt of the burst or of the voicing onset to match the metric
defined by Lahiri et al. �1984�. Unlike Lahiri et al., Dorman
and Loizou found that altering relative tilt change did not
substantially influence perception of /b/ and /d/ in any of the
vowel contexts, except for the syllable /bi/.

While Dorman and Loizou �1996� demonstrated that
relative spectral tilt is not an invariant cue for place of ar-
ticulation, this does not imply that tilt plays no role in per-
ception. As noted earlier, the importance of a particular
acoustic attribute �e.g., spectral tilt� depends on a number of
factors, including the quality of information provided by
other acoustic attributes �e.g., formant frequency�. From this
perspective, the importance of Dorman and Loizou’s findings
with clearly spoken natural speech is a demonstration that
the effects of relative tilt are overwhelmed when most other
potential acoustic information is available to listeners. How-
ever, there are multiple circumstances when formant infor-
mation is compromised. Listeners with hearing loss have di-
minished frequency resolution that obscures spectral peaks,
and the presence of background noise likely has a similar
effect for normal-hearing listeners. Outside the laboratory,
fluent speech is often hypoarticulated such that ambiguous
information specifying place might be the rule more than the
exception. From this perspective, the greater importance of
spectral tilt in Lahiri et al. �1984� can be explained by the
fact that their stimuli had compromised information for per-
ception of place.

In the following series of experiments, we evaluate the
interaction between spectral tilt and formant frequency in
perception of voiced stop consonants. While controlling for
phonetic context and all other sources of information, each
attribute independently varied along a series from �ba� to
�da�, including several intermediate or ambiguous levels.

II. STIMULI

A. Rationale

The goals in creating our stimuli were to control for all
extraneous variables except those under study and to make
the acoustic manipulations systematically. For this reason,
we first synthesized a burstless /ba/ to /da/ series that varied
acoustically in the onset frequency of the second formant
�F2� transition. We then used digital filters to manipulate the
tilt trajectory of the formant transitions. We chose a labial to
alveolar series because the spectral shape manipulation is
easily defined from negative to positive. In our case, because

spectral shape is described without preemphasis, this series is
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described as going from steep negative tilt �labial� to shallow
tilt �alveolar�. The low, back vowel /a/ was chosen because it
has a relatively neutral spectral tilt and because phonetically
trained and untrained listeners identified it as /a/ despite wide
manipulations of spectral tilt. This contrasts with perception
of high vowels, for example, which Kiefte and Kluender
�2005� demonstrated to be quite sensitive to changes in spec-

FIG. 1. The short-term spectra for the first four pitch pulses following the
onset of voicing from a male talker with fundamental frequency of about
105 Hz are displayed. The top and bottom panels show the short-term spec-
tral history of a production of the syllable /ba/ and the syllable /da/, respec-
tively. Each pitch pulse �different lines� was about 9.5 ms in duration
�1 / f0�, and was analyzed without preemphasis using a 256-point FFT with
a 50% Hamming window overlap.

TABLE I. Klatt synthesis parameters for the eight-step series varying in the
and A2V, respectively� were varied as a function of formant frequency, i
parameters were kept constant throughout the duration of the 250 ms stimuli,

F1 A1V BW1 F2 A2V BW2

t=0 �constant onset�
300 50 80 1000 70 90

1100 69
1200 68
1300 67
1400 66
1500 65
1600 64
1700 63

t=30 ms �vowel steady state�
800 55 80 1200 67 90
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tral tilt. There is precedence for synthesizing burstless stops
�e.g., Fruchter and Sussman, 1997� as it simplifies conclu-
sions concerning the parameter under study. Furthermore,
because stop bursts in vocalic positions other than the utter-
ance initial position are often either low in energy or absent,
synthesizing stops without the bursts extends the generality
of our findings to typical running speech for which bursts are
a less frequent event particularly for voiced consonants.

As noted earlier, the use of tilt as a cue for stop conso-
nant perception is not limited to bursts, but also extends to
the following vocalic segment. Changes in spectral tilt re-
lated to resonance properties �versus source properties� are to
be expected as vocal tract shape changes. Figure 1 shows the
short-term spectra for the first four pitch pulses following the
onset of voicing from an adult male production �fundamental
frequency of about 105 Hz� of the syllables �ba� �top panel�
and �da� �bottom panel� extracted from a sample of running
nonsense speech recorded with a sampling rate of 44 100 Hz.
Here and elsewhere in this report, each pitch pulse was ana-
lyzed without preemphasis using a 256-point FFT with a
50% Hamming window overlap. The top panel shows that
for this production of �ba�, the short-term spectra of the ini-
tial pitch pulse �t=0–9.5 ms� following the onset of voicing
�thin solid line� is steeply negative and quickly transitions to
the shallower vowel tilt by the second or third pitch pulse
�about 19–28.5 ms�. In contrast, the short-term spectra of the
initial pitch pulse for the production of �da� in the bottom
panel is relatively shallow and changes very little over the
time course of the formant transitions.2

B. Synthesis of F2 series

A burstless CV series varying perceptually from /ba/ to
/da/ and acoustically in eight steps of F2-onset frequency
�1000–1700 Hz, respectively� was synthesized at a sampling
rate of 22 050 Hz with 16 bits of resolution and with a 5 ms
update rate using the parallel branch of the Klatt synthesizer
�Klatt and Klatt, 1990�. The CVs were 250 ms total duration,
including 30 ms formant transitions with a linear amplitude
rise of 6 dB. Fundamental frequency was 100 Hz and de-
creased to 90 Hz during the final 50 ms. Synthesis param-
eters are provided in Table I. Because F4 was the highest

t frequency of the second formant �F2�. The amplitudes of F1 and F2 �A1V
er to maintain a relatively constant spectral tilt of −3 dB /oct. All other

pt f0 which started at 100 Hz and decreased to 90 Hz during the final 50 ms.

F3 A3V BW3 F4 A4V BW4

2400 72 150 3600 80 350

2400 72 150 3600 80 350
onse
n ord
exce
J. M. Alexander and K. R. Kluender: Spectral tilt and stop perception



formant frequency synthesized, its nominal amplitude �A4V�
was set to maximum �80 dB� and nominal values in the syn-
thesizer for the remaining formant amplitudes �A1V–A3V�
were manipulated so that each of the CVs had a reasonably
constant spectral tilt of −3 dB /oct. throughout its duration.
Spectral tilt was referenced to the energy in F4 because it did
not change frequency during the duration of the stimulus.
This is expressed in the following:

�AmpF2�dB = − 3 � log2�F2/F4� + �AmpF4�dB, �1�

where �AmpF2�dB is the desired amplitude of F2 in dB, −3 is
the designated tilt, log2�F2 /F4� is the number of octaves
between the fourth and second formant, and �AmpF4�dB is the
measured amplitude of F4 in dB. F1 and F3 were substituted
for F2 in Eq. �1� to derive the desired amplitudes of the first
and third formants. Formant frequency and amplitude values
were linearly interpolated by the synthesizer between t
=0 ms �consonant onset� and t=30 ms �beginning of vowel
steady state�. It is important to note that the amplitudes of the
formants were empirically measured from spectra of the in-
dividual pitch pulses �about every 10 ms� and were used to
set the nominal amplitude values in the synthesizer so that
spectral tilt for all four formants was reasonably constant �cf.
Eq. �1��.

III. EXPERIMENT 1: EFFECT OF CONSONANT ONSET
TILT ON CV PERCEPTION

A. Rationale

We predict that spectral tilt will have the greatest influ-
ence for stimuli in which F2-onset frequency is ambiguous
between �ba� and �da�. When formant cues to place of articu-
lation are ambiguous, steeper tilts at onset �more negative�
should encourage perception of /ba/ and shallower tilts at
onset �more positive� should encourage perception of /da/. To
test this hypothesis, stimuli varying in F2-onset frequency
�see earlier text� were filtered to generate a series of five
spectral tilts that varied at consonant onset from
−12 to 0 dB /oct. These end point tilts are equivalent to
Blumstein and Stevens’s templates for labial and alveolar
stop consonants, respectively �e.g., Blumstein and Stevens,
1979�. For all stimuli, spectral tilt transitioned along with F1
and F2 frequency from an initial onset value at t=0 ms to a
common value in the vowel portion of the syllables at t
=30 ms.

B. Methods

1. Listeners

Listeners for all experiments were undergraduate stu-
dents from the University of Wisconsin–Madison and partici-
pated as part of course credit. No listener participated in
more than one experiment. All reported that they were native
speakers of American English and had normal hearing. One
to three listeners ran in the experiment concurrently. Each
individual was seated in an isolated single-walled sound
chamber and had a unique presentation order of the stimuli.
Listeners were recruited for each experiment until data were
collected on at least 20 participants. Twenty-three listeners �3

male, 20 female� participated in Experiment 1.
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2. Stimuli

Using the eight-step series varying in F2-onset fre-
quency, parametric manipulations of spectral tilt were made
on time slices cut at the zero crossings corresponding to the
midpoint and the end of each pitch pulse �about every 5 ms�.
Stimuli were filtered between 212 and 4800 Hz, using 90-
order finite impulse response �FIR� filters created in MATLAB,
to have one of five different spectral tilts at consonant onset
ranging from −12 to 0 dB /oct. �Because stimuli already had
a constant −3 dB /oct. tilt, the actual slopes of the filters
varied from −9 to +3 dB /oct.� During formant transitions
�t�30 ms�, spectral tilt converged linearly to the vowel
steady state, which was filtered as a whole segment to a tilt
of −6 dB /oct. �see Fig. 2�. Because initial portions of wave
forms are not filtered accurately when the length of the im-
pulse response approaches that of the wave form, each input
wave form was concatenated several times and then con-
volved with the FIR filters. From the medial portion of this
filtered wave form, the output wave form was extracted at
zero crossings corresponding to the original input wave form
and then scaled to the RMS amplitude of the original time
slice. The CVs were unsampled to 48 828 Hz with 24 bits of
resolution and low-pass filtered with an 86-order FIR filter
with a passband at 4800 Hz and a stopband of −90 dB of at
6400 Hz. The CVs were then scaled to a constant rms am-
plitude.

Figure 3 displays the short-term spectra of the first four
pitch pulses from sample stimuli with F2-onset frequencies
of 1400 Hz. Each pitch pulse is approximately 10 ms in du-
ration. In each panel, the thin solid line is the short-term
spectra of the first pitch pulse �t�0–10 ms� and represents
the consonant onset and the thick solid line is the short-term
spectra of the fourth pitch pulse �t�30–40 ms� and repre-
sents the beginning of the steady state portion of the follow-
ing vowel. The short-term spectra of the second and third
pulses show a continuous change in tilt and formant fre-
quency between the first and fourth pitch pulse. Following
Blumstein and Stevens’s templates �e.g., Blumstein and
Stevens, 1979�, stimuli with steeply negative consonant on-
set tilts like the one represented in the top panel are expected
to lead to more /ba/ responses and stimuli with relatively
shallow onset tilts as in the bottom panel are expected to lead

FIG. 2. Schematic representing the change in tilt for the stimuli in Experi-
ment 1 in which different consonant onset tilts converged to a −6 dB /oct.
vowel tilt. Consonant onset tilts steeper than the vowel tilt are expected to
result in more labial responses and consonant onset tilts shallower than the
vowel tilt are expected to result in more alveolar responses.
to more /da/ responses.
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3. Procedure

Participants listened to each of the 40 CV tokens �eight
F2-onset frequencies by five spectral tilt trajectories� once
per trial block in randomized order. Following two warm-up
blocks �80 trials�, data were collected on eight subsequent
blocks �320 trials�. Stimuli were presented diotically to par-
ticipants through Beyerdynamic DT150 headphones at an av-
erage level of 73 dBA. In a two-alternative, forced choice
task participants indicated their responses by pressing one of
two buttons labeled “BA” and “DA.”

C. Results

For every listener, at each tilt manipulation, the prob-
ability of responding /da/ as a function of F2-onset frequency
was fit to a logistic function using the psignifit toolbox for
MATLAB

3 which implements the maximum-likelihood
method described by Wichmann and Hill �2001�. The upper
and lower asymptotes were free to vary in order to achieve
the best fit. Frequency of F2 corresponding to the p=0.5
point on the ordinate, where /ba/ and /da/ responses are

FIG. 3. Short-term spectra for the first four pitch pulses �about 10 ms each�
for the tilt end point stimuli in Experiment 1. This example represents the
stimuli with an F2-onset frequency of 1400 Hz. It is hypothesized that the
stimuli in the top panel will lead to more labial responses because the tilt is
steeply negative for the initial pitch pulse �thin solid line� and becomes
shallower over the duration of the formant transition until it reaches a steady
state at the vowel onset �thick solid line�. The stimuli represented in the
bottom panel are hypothesized to lead to more alveolar responses because
the tilt is flat for the initial pitch pulse and becomes steeper over the duration
of the formant transition until it reaches a steady state at the vowel onset.
equally likely, hereafter the boundary, was obtained from the
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fits. The higher the boundary frequency, the greater the like-
lihood of a /ba/ response over the range of F2-onset frequen-
cies. Figure 4 displays identification functions of the mean
data for each consonant onset tilt; circles, asterisks, squares,
crosses, and triangles represent the mean data for consonant
onset tilts of −12, −9, −6, −3, and 0 dB /oct., respectively,
and the different lines represent fitted functions for the mean
data �see the legend�.

Listeners’ identifications were primarily influenced by
onset frequencies of F2 as indicated by the floor/ceiling iden-
tifications of the formant frequencies near the series end
points. However, tilt of consonant onset also influenced lis-
teners’ identifications, especially at intermediate values of F2
�e.g., 1400 Hz� where formant information for place of ar-
ticulation was ambiguous. Listeners were more likely to per-
ceive /da/ for consonant onsets with shallower tilt compared
to consonant onsets with steeper tilt. The influence of conso-
nant onset tilt can be quantified by shifts in the identification
functions along the F2 axis—the boundary frequencies. Fig-
ure 5 displays the mean frequency and 95% confidence in-
tervals �CIs� of boundaries at each consonant onset tilt. As
can be seen, there was a systematic decrease in boundary
frequency �increase in bias for /da/ responses� for progres-
sively shallower consonant onset tilts �e.g., toward
0 dB /oct.�. A within-subjects analysis of variance �ANOVA�
confirmed that the effect of consonant onset tilt was statisti-
cally significant �F�4,88�=16.1, p�0.0001�. Tukey HSD
post hoc tests revealed that the mean boundary frequency for
the −12 dB /oct. consonant onset tilt was significantly greater
than the mean boundary frequencies of the other consonant
onset tilts except the −3 dB /oct. consonant onset tilt. Also,
the mean boundary frequency for the 0 dB /oct. consonant
onset tilt was significantly less than the mean boundary fre-
quencies of the other consonant onset tilts except the
−3 dB /oct. consonant onset tilt.4 In addition, mean boundary

FIG. 4. Mean data for Experiment 1 in which the probability of responding
/da/ as a function of F2-onset frequency is plotted separately for each con-
sonant onset tilt. Circles, asterisks, squares, crosses, and triangles represent
the mean data for consonant onset tilts of −12, −9, −6, −3, and 0 dB /oct.,
respectively. Maximum-likelihood fits of the identification functions are dis-
played for the mean data at each consonant onset tilt as different lines �see
the legend�.
frequencies for the −9 and −3 dB /oct. consonant onset tilts
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were significantly different from one another. This pattern of
results indicates that shallower consonant onset tilts progres-
sively increase the bias for alveolar responses and vice versa
for the steeper consonant onset tilts creating a bias for labial
responses.

IV. EXPERIMENT 2: EFFECT OF FOLLOWING VOWEL
TILT ON CV PERCEPTION

A. Rationale

The results of Experiment 1 clearly indicate that despite
an absence of bursts, the gross shape of the spectrum during
the voiced portions of consonant onset influences perception
of /ba/ and /da/. Following the templates of Blumstein and
Stevens �e.g., Blumstein and Stevens, 1979�, which were
based on preemphasized spectra �+6 dB /oct.�, negative spec-
tral tilts at onset in our experiment �less than −6 dB /oct.�
were associated with more labial �/ba/� responses and posi-
tive spectral tilts at onset �greater than −6 dB /oct.� were as-
sociated with more alveolar �/da/� responses. However, as
noted by others �Lahiri et al. 1984; Kewley-Port and Luce,
1984�, the important feature of the onset spectrum is its
shape relative to the following vowel. Spectral tilt that be-
comes shallower �more positive� from consonant onset to
vowel steady state �e.g., relative negative consonant onset
tilt� should encourage perception of /ba/ and spectral tilt that
becomes steeper �more negative� from consonant onset to
vowel steady state �e.g., relative positive consonant onset
tilt� should encourage perception of /da/. If relative tilt
change is the perceptual cue used by listeners, then the pat-
tern of results in Experiment 1 should be maintained if con-
sonant onset tilt is held constant and vowel tilt varied. Ex-
periment 2 tests this hypothesis.

B. Methods

Twenty-one college students who reported normal hear-
ing �6 male, 15 female� identified as /ba/ or /da/ a series of 40
CVs that varied along both F2-onset frequency in eight steps
and along spectral tilt of the following vowel in five steps

FIG. 5. Mean boundary frequencies of the identification functions at each
consonant onset tilt from Experiment 1. Lower-frequency boundaries are
associated with a bias toward /da/ responses. Error bars represent the 95%
confidence intervals.
ranging from −12 to 0 dB /oct. �see Fig. 6�. Stimuli were fil-
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tered using the same techniques as described for Experiment
1. Participants listened to each of the CV tokens once per
trial block in randomized order. Following two warm-up
blocks �80 trials�, data were collected on eight subsequent
blocks �320 trials�. Stimuli were presented diotically at an
average level of 72 dBA.

Figure 7 displays the short-term spectra of the first four
pitch pulses from sample stimuli in Experiment 2 with F2-

FIG. 6. Schematic representing the change in tilt for the stimuli in Experi-
ment 2 in which a −6 dB /oct. consonant onset tilt diverged to different
vowel tilts. Vowel tilts shallower �more positive� than the consonant onset
tilt are expected to result in more labial responses and vowel tilts steeper
�more negative� than the consonant onset tilt are expected to result in more
alveolar responses.

FIG. 7. Short-term spectra for the first four pitch pulses for the tilt endpoint
stimuli in Experiment 2. As with Fig. 3, this example represents the stimuli
with an F2-onset frequency of 1400 Hz. It is hypothesized that the stimuli in
the top panel will lead to more labial responses and that the stimuli in the
bottom panel will lead to more alveolar responses despite having identical
stimulus onset spectra because the change in tilt is different. For the top
panel, tilt becomes shallower until it reaches a flat spectrum that is sustained
during the duration of the vowel, whereas, for the bottom panel, tilt becomes

steeper until it reaches a steeply negative spectrum for the vowel.
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onset frequencies of 1400 Hz �cf. Fig. 3�. Notice that the
initial pitch pulses �thin solid lines� in both the top and bot-
tom panels have the same tilt but diverge to two different
steady state vowel tilts by the fourth pulse �thick solid line�.
We hypothesize that manipulation of vowel tilt should lead
to a complementary pattern of results as Experiment 1. The
top panel shows a relative flattening of spectral tilt
�−6 to 0 dB /oct.� from consonant onset �t=0 ms� to vowel
steady state �t=30 ms�. This pattern of change is predicted to
increase the perception of a labial stop consonant. In con-
trast, the bottom panel is predicted to increase the perception
of an alveolar stop consonant because spectral tilt becomes
steeper over the course of the consonant transition.

C. Results

Figure 8 displays the mean data and identification func-
tions for each vowel tilt. Circles, asterisks, squares, crosses,
and triangles represent the mean data for vowel tilts of −12,
−9, −6, −3, and 0 dB /oct., respectively, and the different
lines represent the fitted functions for the mean data �see the
legend�. As with Experiment 1, listeners’ perceptions were
primarily influenced by onset frequency of F2. However,
they were also influenced by tilt of the following vowel,
especially at intermediate values of F2. Listeners were more
likely to perceive /da/ for steeper vowel tilts. Figure 9 dis-
plays the mean frequency and 95% CIs of boundaries at each
vowel tilt. With the exception of the boundary for the
0 dB /oct. vowel tilt, there was a systematic increase in the
mean boundary frequency �increase in bias for /ba/ re-
sponses� with shallower vowel tilts. A within-subjects
ANOVA confirmed that the effect of vowel tilt was statisti-
cally significant �F�4,80�=21.7,p�0.0001�. Tukey HSD
post hoc tests revealed that the mean boundary frequency for
the −12 dB /oct. vowel tilt was significantly less than the
mean boundary frequencies of the other vowel tilts. In addi-

FIG. 8. Mean data for Experiment 2 in which the probability of responding
/da/ as a function of F2-onset frequency is plotted separately for each vowel
tilt. Circles, asterisks, squares, crosses, and triangles represent the mean data
for vowel tilts of −12, −9, −6, −3, and 0 dB /oct., respectively. Maximum-
likelihood fits of the identification functions are displayed for the mean data
at each vowel tilt as different lines �see the legend�.
tion, the mean boundary frequency for the −9 dB /oct. vowel
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tilt was significantly less than the mean boundary frequen-
cies of the −6 and −3 dB /oct. vowel tilts. None of the dif-
ferences in mean boundary frequencies for the vowel tilts
between −6 and 0 dB /oct. were statistically significant.

D. Discussion of Experiments 1 and 2

The results of Experiments 1 and 2 demonstrate that for
burstless, voiced stops, the spectral tilt of the consonant for-
mant transitions is perceived relative to the tilt of the follow-
ing vowel. Perception of consonant onset tilt is contrastive to
the tilt of the following vowel. Relatively shallow vowel tilts
encourage perception of /ba/ �steeper consonant onset tilt�
and relatively steep vowel tilts encourage perception of /da/
�shallower consonant onset tilt�. Experiments 1 and 2 also
indicate that the influence of relative tilt depends on the am-
biguity of formant cues. When F2-onset frequency is near the
series end points and most appropriate for /ba/ �1000 Hz� or
most appropriate for /da/ �1700 Hz�, relative tilt has little or
no influence on perception. This result is consistent with re-
sults from Dorman and Loizou �1996�, who used naturally
produced stimuli with very high identification rates. How-
ever, when F2-onset frequency is intermediate between �ba�
and �da�, relative tilt has a substantial effect on stop conso-
nant identification. This result is consistent with Lahiri et al.
�1984�, who used perceptually impoverished stimuli with re-
gard to place of articulation. In summary, perception of the
place of articulation in CVs �specifically, /ba/ and /da/� when
formant information is ambiguous can be largely influenced
by the relative change in spectral tilt.

V. EXPERIMENTS 3 AND 4: EFFECT OF RELATIVE
TILT CHANGE ON VCV PERCEPTION

A. Rationale

Experiments 1 and 2 demonstrate the relative and con-
trastive influence of spectral tilt change as a perceptual cue to
stop consonant identification in a CV context without bursts.
In contrast to an utterance initial position, stop consonants in
medial position are much more common in natural speech
and much less likely to have a significant burst release. The

FIG. 9. Mean boundary frequencies of the identification functions at each
vowel tilt from Experiment 2. Error bars represent the 95% confidence
intervals.
next set of experiments were designed to test the influence
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spectral tilt change on the perception of burstless stop con-
sonants in medial position. Specifically, Experiments 3 and 4
tested if effects of tilt are enhanced in a VCV context in
which preceding vowels share the same critical acoustic fea-
tures as the following vowels.

B. Methods

Experiments 3 and 4 replicated Experiments 1 and 2,
respectively, using 25 �10 male, 15 female� and 22 �6 males,
16 females� college students who reported normal hearing,
respectively. Stimuli were created by appending a 200 ms �a�
followed by 50 ms of silence to the stimuli in Experiments 1
and 2. Formant frequencies and spectral tilt of the preceding
�a� were matched to the following �a� to enhance the percep-
tion of tilt and formant frequency change associated with the
consonant onset. As shown in Fig. 10, spectral tilt of the
preceding �a� in Experiment 3 was always −6 dB /oct. �top
panel� but varied in Experiment 4 from trial to trial in the
same way the tilt of the following vowel varied �bottom
panel�. In a diotic presentation, listeners identified the series
of 40 VCVs as /aba/ or /ada/ eight times in separate blocks
�320 trials� following two warm-up blocks �80 trials�.

C. Results and discussion

Figure 11 displays the mean data and fitted identification
functions for Experiment 3, and Fig. 12 displays the mean
boundary frequencies and 95% CIs. Compared to the data
points in Fig. 4 �CVs�, the data points in Fig. 11 �VCVs�
show a greater divergence as a function of consonant onset
tilt at intermediate F2 frequencies, especially at 1300 Hz.
The effect of consonant onset tilt was highly significant
�F�4,96�=64.9, p�0.0001� in a within-subjects ANOVA.
Tukey HSD post hoc tests revealed that each paired compari-
son of the mean boundary frequencies for the different con-
sonant onset tilts was statistically significant except for the
mean boundary frequencies of the −3 and 0 dB /oct. conso-
nant onset tilts. Analyses of the mean boundary frequencies
across Experiments 1 and 3 reveal that providing an addi-

FIG. 10. Schematic for the stimuli in Experiment 3 �top panel� and Experi-
ment 4 �bottom panel�. The addition of a preceding vowel should enhance
the perceptual cue associated with the spectral tilt change during the conso-
nant transition.
tional comparison for consonant onset tilt in the form of a
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preceding vowel resulted in significantly negative shifts in
the mean boundary frequencies �increase in bias for alveolar
responses� for the stimuli with consonant onset tilts of
−3 dB /oct. �t�46�=4.14, p=0.0001� and 0 dB /oct. �t�46�
=2.16, p�0.05�.

Figure 13 displays mean data and fitted identification
functions for Experiment 4, and Fig. 14 displays the mean
boundary frequencies and 95% CIs. Compared to data for
Experiment 2, addition of the preceding vowel contrast in
Experiment 4 resulted in a significant positive shift in mean
boundary frequency �increase in bias for labial responses� for
the stimuli with 0 dB /oct. vowel tilts �t�41�=−2.17, p
�0.05�. This is evidenced in Fig. 14, which now shows an
orderly increase in labial responses with progressively shal-
lower vowel tilts. The overall effect of vowel tilt in Experi-
ment 4 was significant �F�4,84�=14.4, p�0.0001� accord-
ing to a within-subjects ANOVA. Tukey HSD post hoc tests
revealed that the mean boundary frequency for the
−12 dB /oct. vowel tilt was significantly less than the mean

FIG. 11. Mean data and maximum-likelihood fits for Experiment 3 plotted
in the same way as Fig. 4 in which the probability of responding /ada/ as a
function of F2-onset frequency is plotted separately for each consonant on-
set tilt.

FIG. 12. Mean boundary frequencies of the identification functions at each
consonant onset tilt in Experiment 3. Lower-frequency boundaries are asso-
ciated with a bias toward /ada/ responses. Error bars represent the 95%

confidence intervals.
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boundary frequencies of the stimuli with vowel tilts between
−6 and 0 dB /oct. Additionally, the mean boundary frequency
for the −9 dB /oct. vowel tilt was significantly less than the
mean boundary frequencies of the −3 and 0 dB /oct. vowel
tilts.

Results of Experiments 3 and 4 demonstrate the effects
of relative spectral tilt change on the perception of medial
position stop consonants. As is the case with following
vowel tilt, the influence of preceding vowel tilt on the per-
ception of labial versus alveolar voiced stops is contrastive.

VI. EXPERIMENT 5: EFFECTS OF ABSOLUTE
TILT

A. Rationale

The above-mentioned experiments establish that relative
spectral tilt change from consonant to vowel influences
voiced stop consonant perception. The purpose of this final
experiment is to test whether the influence of spectral tilt in
stop consonant perception depends on a change in tilt or

FIG. 13. Mean data and maximum-likelihood fits for Experiment 4 plotted
in the same way as Fig. 8 in which the probability of responding /ada/ as a
function of F2-onset frequency is plotted separately for each vowel tilt.

FIG. 14. Mean boundary frequencies of the identification functions at each
vowel tilt in Experiment 4. Error bars represent the 95% confidence

intervals.
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whether static differences in consonant onset tilt are enough
to influence stop consonant perception �cf. Blumstein and
Stevens, 1979�.

B. Methods

Twenty-three college students who reported normal
hearing �9 male, 14 female� identified a series of 56 CVs that
varied from �ba� to �da� along both F2-onset frequency �eight
steps� and absolute tilt �constant tilt throughout duration� in
seven steps �−12 to +6 dB /oct.�. Participants listened to ev-
ery CV token once per trial block in randomized order. Fol-
lowing two warm-up blocks �112 trials�, data were collected
on eight subsequent blocks �448 trials�. Stimuli were pre-
sented diotically at an average level of 73 dBA.

C. Results

Figure 15 displays the mean data and fitted identification

FIG. 15. Mean data for Experiment 5 in which the probability of responding
/da/ as a function of F2-onset frequency is plotted separately for each abso-
lute spectral tilt. Circles, asterisks, squares, crosses, triangles, inverted tri-
angles, and plus signs represent the mean data for CVs with absolute tilts of
−12, −9, −6, −3, 0, +3, and +6 dB /oct. respectively. Maximum-likelihood
fits of the identification functions are displayed for the mean data at each tilt
as different lines �see the legend�.

FIG. 16. Mean boundary frequencies of the identification functions at each
absolute tilt from Experiment 5. Error bars represent the 95% confidence

intervals.

J. M. Alexander and K. R. Kluender: Spectral tilt and stop perception



functions for Experiment 5 and Fig. 16 displays the mean
boundary frequencies and 95% CIs. From the data, it is clear
that absolute tilt, over a wide range, had virtually no effect
on listeners’ perception �F�5,132�=1.0�.5 From this, we can
conclude that consonant onset tilt alone, absent relative
change, is not used by listeners to classify stop consonants.
Matching the tilt of the following vowel to the tilt of the
formant transitions, effectively nullifies the effect of conso-
nant onset tilt on perception.

VII. GENERAL DISCUSSION

Results of the experiments in this report establish that
the influence of spectral shape on stop consonant perception
is dependent on the availability of other cues to place of
articulation, especially formant peaks. When formant infor-
mation was at the series’ end points and most appropriate for
�ba� or �da�, spectral tilt had little to no influence on identi-
fication �cf. Dorman and Loizou, 1996�. When formant in-
formation was ambiguous and intermediate between �ba� and
�da�, spectral tilt had a substantial influence on identification
�cf. Lahiri et al., 1984�. A similar pattern of results was ob-
served by Abramson and Lisker �1985� for the influence of
VOT and f0 on the perception of voicing, with the influence
of f0 maintaining only at ambiguous VOT values. Moreover,
the critical feature of spectral tilt is the tilt of the consonant
onset relative to the tilt of the following vowel. A negative
�steeper� consonant onset tilt relative to vowel tilt encour-
ages perception of a labial place of articulation and a positive
�shallower� consonant onset tilt relative to vowel tilt encour-
ages perception of an alveolar place of articulation. Manipu-
lations of consonant onset tilt �Experiments 1 and 3� and
vowel tilt �Experiments 2 and 4� are complementary, and
either is sufficient to influence perception.

There are several reasons to believe that our results are
conservative with respect to natural speech and to the wide
inventory of speech sounds and acoustic contexts. First, con-
sider fluent conversational speech in the presence of compet-
ing sounds as encountered by a normal-hearing listener. We
have already shown that adding preceding context can fur-
ther enhance the influence of tilt in burstless, voiced stop
consonants. Furthermore, articulation is less precise �i.e., for-
mant frequencies for different phonemes are less extreme� in
connected speech. Addition of ambient sound sources further
undermines resolution of spectral peaks. Second, consider
listeners with sensorineural hearing loss �SNHL�, for whom
spectral detail �e.g., formant peaks� is often compromised.
Because only a gross characterization of the spectrum is nec-
essary to encode spectral tilt, it likely takes on greater im-
portance in speech perception by hearing-impaired listeners.
In ongoing research, the current experiments have been rep-
licated by listeners with SNHL. For these listeners, spectral
tilt can and often does dominate perception of place of ar-
ticulation even for frequencies near the F2 end points. Fi-
nally, our depiction of tilt effects for normal-hearing listeners
may be conservative inasmuch as the appearance of miti-
gated effects near F2-onset end points could be the result of
ceiling and floor effects.

There is evidence that our choice of stimuli may also

have worked against stronger effects of spectral tilt. First,
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one can expect that had we extended our manipulations to
include bursts, our findings would be an exaggerated version
of the present findings because of the additional spectral tilt
information provided by the burst. Furthermore, in a series of
deleted-cue and conflicting-cue experiments, Smits et al.
�1996� found that the relative effectiveness of bursts �spec-
trally gross information, including shape, level, and duration�
and formant transitions �spectrally detailed information� in
the perception of place of articulation in stop consonants
depended on consonant voicing and vowel context. Specifi-
cally, the relative influence of spectrally global information
in the bursts was more dominant for voiceless stops com-
pared to voiced stops and more dominant for front vowel
contexts �e.g., /i/� compared to nonfront vowel contexts �e.g.,
/a/�. Interestingly, the only effect for Dorman and Loizou’s
�1996� spectral tilt manipulation occurred in the /i/ context,
and the effects of Lahiri et al. �1984� were strongest for the
/i/ context and weakest for the /a/ context. Smits �1996� ar-
gued that these findings have less to do with the identity of
the vowel and more to do with the reliability �mean differ-
ences and variance� of the acoustic information. That is, an
acoustic analysis of voiceless stop consonants across the
three places of articulation revealed that in the /a/ context,
the formant frequencies were more different from one an-
other while bursts were more similar to one another. The
situation was opposite for the /i/ context in which the for-
mant frequencies were more similar to one another and the
bursts were more different from one another.

Results of these experiments also establish that change
in spectral tilt, not absolute tilt, is perceptually effective.
When tilt varied over a wide range from trial to trial, but did
not change within a stimulus, tilt had no effect on perception
�Experiment 5�. Further, perception of relative spectral tilt
was enhanced when a preceding vowel tilt also contrasted
with the consonant onset tilt �Experiments 3 and 4�. The idea
that acoustic features are encoded relative to one another
across time is not new. For example, locus equations, which
are linear regression equations that compare the F2 fre-
quency at voicing onset to the F2 frequency of the following
vowel steady state, were used by Lindblom �1963� to de-
scribe the contextual relationship of F2. Sussman and col-
leagues �e.g., Sussman et al., 1991� have further developed
the concept of locus equations in efforts to define an invari-
ant cue for place of articulation. Our findings with respect to
spectrally global information �i.e., tilt� are similar to Suss-
man’s locus equations for spectrally local information in that
they both are relational in nature, however, we cannot make
any claims of invariance given the restricted set of stimuli
employed here. We demonstrated that listeners can and do
use the change in spectral tilt as information to classify labial
and alveolar voiced stop consonants in an /a/ context, espe-
cially when other information specifying place of articulation
is absent or ambiguous. However, it could be that, if our
general relations were expanded to resemble specific locus
equations, then separate equations would need to be calcu-
lated for different speakers, vowel contexts, and for voicing/
unvoicing just as has been done for locus equations. Such

determinations for any model of consonant identification are
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likely to be influenced by the relative reliability of the acous-
tic information across contexts and the presence of other
acoustic attributes.

Finally, the importance of relative tilt, or tilt contrast, is
consistent with multiple demonstrations that perception of
coarticulated speech, signaled by formant changes, is facili-
tated by spectral contrast between local spectral prominences
�formants� �e.g., Coady et al., 2003; Holt and Kluender,
2000; Holt et al., 2000; Lotto and Kluender, 1998; Lotto et
al., 1997; Kluender et al., 2003�. The fact that the perceptual
efficacy of spectral tilt is dependent on change is expected
given that sensorineural systems, in general, respond pre-
dominantly to change relative to what is predictable or does
not change �Kluender et al., 2003; Kluender and Alexander,
in press; Kluender and Kiefte, 2006�.
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1In Klatt’s synthesizers �1980, Klatt and Klatt, 1990�, spectral tilt is in-
creased or decreased by adjusting a single-pole filter such that the broad
high-frequency skirt of the filter alters the overall shape of the spectrum.

2The point of this speech production example is not to make a claim of
acoustic invariance �cf. Stevens and Blumstein, 1978; 1981; Blumstein
and Stevens, 1979; 1980�. The important point is that when spectra tilt
information is present it can influence perception.

3Software version 2.5.41. See http://bootstrap-software.org/psignifit.
4Unless otherwise stated, statistical significance is assumed to be p�0.05
on a two-tailed test.
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tuted for the missing data point. Unexplainably, increases in absolute tilt
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