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Abstract 
Pitch perception plays a central role in processing speech 
prosody. Since f0 varies from speaker to speaker and from 
context to context, effective pitch-range normalization is thus 
important to uncover intended linguistic pitch targets. It has 
also been speculated that voice quality may play a role in 
pitch-range perception. Our previous study demonstrated that 
spectral balance indeed effectively affected the perception of 
pitch height: “tense voice”, implemented as stimuli with 
spectral balance tilted towards higher frequency, was 
perceived as higher in pitch. Our previous study used non-
speech stimuli, raising the possibility that listeners might not 
be in the speech mode; this current study therefore replicates 
the previous experiment using speech stimuli resynthesized 
with the same range of f0 contours and a similar spectral 
manipulation, and the same forced-choice pitch classification 
experiment with four spectral conditions. The results are 
consistent with our previous experiment: the pitch 
classification function was significantly shifted by differences 
in spectral balance. Listeners generally hear higher pitches 
when the spectrum includes more high-frequency energy (i.e., 
tenser phonation). Moreover, there is a salient perceptual bias: 
When the second peak is tenser, the effect is stronger. These 
new results further support the hypothesis that voice quality 
cues are strong indicators of pitch-range.  
 
Index Terms: pitch perception, voice quality, f0, spectral 
slope 

1. Introduction 
Pitch perception plays a central role in processing speech 
prosody. Studies of pitch perception have primarily focused on 
f0 cues, since fundamental frequency (f0) appears to be the 
only acoustic correlate of pitch. However, since f0 range 
varies from speaker to speaker and from context to context, 
phonetic categories (e.g. tonal categories) thus overlap in 
acoustic signals. So effective pitch-range normalization is 
important to uncover intended linguistic pitch targets.  

Studies [1-3] on speaker normalization have shown that 
listeners are able to identify the pitch location of very brief 
voice samples in an unknown speaker’s range in the absence 
of any contextual cues. This suggests that listeners must use 
other signal-internal information that co-varies with f0 as cues 
to pitch range.  

Both [1] and [2] speculated that voice quality could be 
such a cue. Indeed, co-variation between f0 and voice quality 
has been found in pitch production studies (singing [4-7]; 
speech [8]): The lowest pitch range is associated with vocal 
fry, and the highest pitch range is associated with tense voice 

and falsetto. The question is then whether this co-variation 
also occurs in the perception domain.  

Our previous study [9] thus tested the hypothesis whether 
the presence of tense voice can facilitate the perception of high 
pitch. It has been well established (see [10] for a review; 
cross-linguistic studies [11-22]) that spectral slope of the voice 
source spectrum is an important indicator of voice quality: a 
relatively steep spectral slope is associated with a breathier 
voice and that a flat spectral slope is associated with a tenser 
or creakier voice (note that the latter also includes pulse-to-
pulse variability). Therefore, “Tense voice” was implemented 
as stimuli with spectral slope tiled towards higher frequency. 
Four sets of synthetic overtone series with different spectral 
conditions were used in a pitch classification experiment. We 
found that indeed listeners significantly perceived more high 
pitch in the “tense voice” condition. This was true for both 
tonal and non-tonal speakers [23], so integrating spectral slope 
into pitch perception appears to be a universal psychoacoustic 
mechanism.  

However, since the previous experiment used non-speech 
stimuli, some doubt was raised: listeners might not be in the 
speech mode in the previous experiment. And it is possible 
that listeners can ignore the spectral cues in a speech task. 
Studies have shown that listeners behaviors differently in 
processing speech and non-speech stimuli (e.g., [24,25]). 
Neural imaging study also demonstrated that people use 
different part of brain to process linguistic pitch and non-
linguistic pitch (e.g., [26]).  Therefore, it is important to 
validate our result with speech stimuli.  
 

2. Method 

2.1. Stimuli 

Same as the previous experiment, the goal was to create four 
sets of utterances with two f0 peaks, and the two f0 peaks vary 
in spectral conditions. In this current experiment, each peak 
was carried by three /ma/ syllables, so that the whole sequence 
had the prosodic pattern of a phrase like “phonetic condition” 
or “electric banana”. The stimuli were resynthesized from the 
natural production of a male English speaker. The speaker was 
asked to produce tokens of /ma.ˈma.ma/ with the same 
intonation pattern as “two twenty”.  

In order to preserve the naturalness of the original 
utterance, we chose to use TANDEM-STRAIGHT algorithm 
[27] for resynthesis. In the TANDEM-STRAIGHT algorithm, 
a single token of /ma.’ma.ma/ was first analyzed into three 
components: the f0 contour (f0(t)), the STRAIGHT 
spectrogram (S(f,t)), and the aperiodicity component (A(f,t)). 
Then the three components were modified with 22 sets of 
parameters (11 f0 steps multiplied by 2 spectral tilt values). 
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For f0 manipulation, a Hann function (a cosine period with 
the peak in the middle) was used for each peak. The base was 
the same (at 120 Hz) for both peaks; and the maximum value 
of the first peak (169.34 Hz) was kept the constant for all 
stimuli, while the second peak was an 11-step continuum 
varying from 153.06 Hz to 187.36 Hz (0.35 semitone/step). 
The result is shown in Figure 1. This setting is the same as our 
previous study [9]. 

 
Figure 1: f0 manipulation: the first peak has a constant f0 

value at 169.34 Hz, and the second peak is a continuum with 
11 steps. Peaks 1 and 2 are identical at step 6 (red/dark lines 
for the second peak). 
 

To manipulate voice quality cues, two versions of spectral 
balance were created: one with relatively more high-frequency 
energy (i.e. tenser version) and one with relatively less high-
frequency energy (i.e. breathier version). The breathier version 
was the original spectrum of the natural production, while the 
tenser version was modified so that the Fourier spectrum was 
6 dB/octave greater than the breathier version. This 
modification corresponded to a differentiation operation of the 
Fourier spectrum, due to the derivative-differentiation property 
of Fourier transform, therefore, it is precisely equivalent to the 
spectral contrast in our previous study. The result of this 
spectral boost is depicted in Figure 2. In a second experiment, 
we only boosted the high frequency component of the tense 
version by 3 dB/octave.  

.  
 

 
           (a)           (b) 
 
Figure 2: Spectral manipulation: (a) original; (b) boosted 
 
Finally, the modified parameters were combined and 

resynthesized into 22 tokens of different f0 peaks (11 steps) 
and spectral slope (2 values). These single peaks were 0.52 
seconds in duration and then concatenated to create 4 sets of 
two-peak stimuli, labeled with letter A-D in the same way as 
previous (44 stimuli in total). Thus there were 4 different 
spectral conditions in the stimuli (implied phonation types are 
presented in brackets in relative terms): 

 

 
 

• Set A: Both peaks have the original spectrum (i.e., 
breathier + breathier) 

• Set B: Both peaks have the boosted spectrum (i.e., tenser 
+ tenser) 

• Set C: The first peak has the original spectrum, and the 
second has the boosted spectrum, with a 200 ms 
transition in the middle (i.e., breathier + tenser) 

• Set D: The first part has the boosted spectrum, and the 
second has the original spectrum, with a 200 ms 
transition in the middle (i.e., tenser + breathier). 

 
Therefore, there were 44 stimuli (11 f0 steps x 4 spectral 

conditions) in a total. All stimuli were 1.05 s in duration.  
 

2.2. Procedure 

A forced-choice pitch classification task was used to test 
listeners’ categorization of pitch values under different 
spectral conditions. Five copies of each stimulus were 
presented in random order to each listener. For each trial, the 
listeners were asked to focus on pitch and to evaluate whether 
the second “maMAma” word was higher or lower than the 
first one by clicking on the corresponding buttons on the 
computer screen. To introduce the idea of pitch to an English 
speaker, we used the examples of English intonation. For 
example, the phrase “my name” is higher in “Anna may know 
my name?” than in “Anna may know my name.” In the 
practice session, examples from set A were used to 
demonstrate the task. This was to make sure that listeners 
would attend to pitch difference but not other cues (e.g. 
intensity). The experiment was run with Qualtrics online 
survey system. The subjects were instructed to use headphones 
or earbuds to do the experiment.  

2.3. Subjects 

English speakers between age 18 and 22 were recruited from 
the student population at the University of Pennsylvania. 
There are 34 listeners in the first experiment, and 30 listeners 
in the second experiment. There is no overlapping between the 
two subject pools. All the subjects reported to have normal 
hearing and speaking.  

3. Results 

3.1. Experiment 1 

Figure 3 shows the proportion of “peak 2 is higher” responses 
for all English listeners. The main effects of spectral 
conditions were evaluated using an MCMC generalized linear 
mixed-effects model (mcmcglmm package in R). f0 steps (1-
11) and spectral conditions (A, B, C and D) were used as fixed 
factors, and random intercepts and slopes were included as 
subjects. The main effects of the spectral conditions are 
summarized in Table 1. The results are reported as means of 
regression coefficients followed by 95% highest posterior 
density intervals in square brackets and associated p-values. 
As shown in Table 1, the results demonstrate that pitch 
classification functions significantly shifted in set C and D.  

Overall, the current experiment successfully replicates the 
result from the previous experiment (shown in Figure 4): the 
perception of pitch height was strongly biased by spectral 
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cues. As shown in Figure 3, compared with set A and B, where 
the two peaks have identical spectral conditions, the pitch 
classification function for set C (breathier + tenser 
combination) was dominated by “peak 2 is higher” responses; 
by contrast, the pitch classification function of set D (tenser + 
breathier combination) shifted in the opposite direction. In 
other words, when the second peak was tenser than the first, 
the second peak tended to be perceived as a higher pitch, and 
when the second peak was breathier than the first, the second 
tended to be perceived as a lower pitch.  

 
 A B C 
B 0.17[-0.05,0.44] 

p=0.17 
  

C 1.1[0.5,1.9] 
p<0.001 

1.03[0.7,1.4] 
p<0.001 

 

D 0.5[0.3,0.7] 
p<0.001 

0.4[-0.7,-0.1] 
p<0.001 

1.5[-2.1,-0.9] 
p<0.001 

Table 1. Main effects of spectral conditions for every 
pair of conditions. Means of regression coefficients 
followed by 95% highest posterior density intervals in 
square brackets and associated p-values. 

 

Figure 3: Pitch classification functions for English 
listeners.  X-axis=f0 steps, y-axis=proportion of “peak 2 is 
higher” responses; line patterns denote different spectral 
conditions. Error bars denote 95% confidence intervals. 

 

 

 
Figure 4: From previous study: Pitch classification 

functions for English listeners with the non-speech stimuli. 
 
It is worth noting that there are some differences 

apparently due to the nature of the stimuli. In the non-speech 
stimuli version of the experiment (Figure 4), set B also 
significantly shifted from set A. This means that the spectral 
condition of the second peak itself has a strong effect. 
However, in the speech stimuli version (Figure 3), set B no 
longer shifts from set A, which suggests that listeners are 
insensitive to the absolute quality of the utterance, but cared 
more about the relative difference between the two peaks. Our 
previous study also found salient individual differences: some 
listeners only used spectral cues or f0 cues in the task. But we 
didn’t find such variation in the current experiment, which 
suggests that integration of the two cues is more obligatory in 
a speech-processing task.  

In addition, although both set C and D significantly shift, 
the effect of set C (breathier + tenser) is greater than set D 
(tenser + breathier). This suggests a perceptual bias: when the 
second peak is tenser, the effect is stronger. 

Since listeners appeared to be very sensitive to spectral 
difference, we wondered if we can still replicate this effect 
when reducing the spectral difference between the two peaks. 
Therefore, we performed another experiment in which the 
difference between the two spectral conditions was only half 
as great as in the first experiment.  

 

3.2. Experiment 2 

The stimuli and procedure of experiment 2 are exactly the 
same, except that the spectral difference was only 3dB/octave, 
half of the 6 dB/octave use in experiment 1. Another 30 
listeners were recruited from the student population to 
participate in the experiment.  

Table 2 is the summary of the main effects of the spectral 
conditions. Similar to Table 1, Set C and set D significantly 
shift from set A and B. This effect can be clearly seen in 
Figure 5.  

Although the spectral difference is much smaller in the 
second experiment, the salience of the effect remains, as 
shown in Figure 5. This means that listeners are very sensitive 
to the spectral difference. Moreover, Figure 3 and Figure 5 
have very similar amount of shift, so it seems that greater 
spectral difference does not introduce more shift, at least in the 
range of values tested.  
 
 

 A B C 
B 0.01 [0.18,0.22] 

P=0.9 
  

C 0.7[0.5,0.9] 
p<0.001 

1.7[0.9,2.5] 
p<0.001 

 

D 0.45[0.24,0.67] 
p>0.001 

1[0.5,1.7] 
p<0.001 

1.4[1.0, 1.8] 
p<0.001 

Table 2. Main effects of spectral conditions for every 
pair of conditions. Means of regression coefficients 
followed by 95% highest posterior density intervals in 
square brackets and associated p-values. 
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Figure 5: Pitch classification functions for English 

listeners. Spectral difference is 3dB/octave. X-axis=f0 steps, y-
axis=proportion of “peak 2 is higher” responses; line patterns 
denote different spectral conditions. Error bars denote 95% 
confidence intervals. 

 
To quantify the amount of shift, we fitted the classification 

functions with a sigmoid function to determine the threshold 
(alpha; i.e., left-to-right shift) and the slope (beta) of the 
response probability.  Figure 6 exhibits the fitted curves of the 
responses from experiments 1 and 2, and table 3 shows the 
values of threshold (alpha) and slope (beta).  

As we can see here, experiment 1 and 2 have very similar 
results, despite the fact that the spectral difference between 
two peaks in the experiment 2 is much smaller. In both 
experiments, set C (breathier + tenser) shifts two steps from A 
and B to the left (i.e., alpha.set C – alpha.set B/A = -2), 
indicating that by manipulating the spectral condition, the 
stimuli sounded 0.7 semitone (0.35 semitone/step x 2) higher 
to the listeners. On the other side, set D (tenser + breathier) 
shifts one step from A and B to the right (i.e., alpha.set D – 
alpha.set B/A=1), indicating that this set of stimuli sounded 
0.35 semitone lower to the listeners. 

 
Set    Exp1    Exp2 

 α β α β 
A 6.4 2.0 6.3 1.9 

B 6.6 2.0 6.2 1.8 

C 4.4 2.5 4.3 2.1 

D 7.6 2.2 7.2 2.0 

Table 3. Threshold (α) and slope (β) of the fitted sigmoid 
function. 

 
 

 
 (a)   (b) 

Figure 6: Fitted curve for experiment 1 (a) and 2 (b). 
blue=set C; black= set B; green= set A; red= set D 

4. Discussion 
This study used resynthesized speech stimuli to replicate our 
earlier finding that voice quality cues contribute strongly to the 
perception of relative (peak) pitch in stimuli with rising-falling 
f0 glides similar to those typical in speech. Listeners generally 
perceive a higher relative pitch for a peak where higher-
frequency components in the spectrum have more energy 
(indicating a tenser voice quality [10]), when they are 
comparing it to a peak with the same fundamental frequency 
but less high-frequency energy. The direction of the shift is 
consistent with the co-varying relationship between f0 and 
voice quality: high f0 is naturally produced by a tense voice 
[6]. This study had two new findings: 1) We tested the 
robustness of the spectral cue by reducing the spectral 
difference between the two f0 peaks, and found that even a 
relatively small spectral difference can lead to significant shift 
of the pitch classification function, suggesting that listeners are 
very sensitive to the voice quality cue. 2) Speech mode does 
have an effect the behavior of the pitch perception. When 
listeners in the speech mode, they are more likely to integrate 
both f0 and spectral cues in pitch perception, and they are less 
sensitive to the absolute quality of the utterance. In sum, this 
study thus further supports the hypothesis that voice quality 
cues and f0 are integrated in pitch perceptions, perhaps 
because voice quality is a strong indicator of pitch range.  

The findings of this study have important implications for 
prosody studies: pitch is not merely f0, either in production or 
in perception. As suggested in this study, pitch perception can 
be determined by both f0 and voice quality cues. Thus, what is 
perceptually “higher” does not necessarily have a higher f0 in 
the signal. The importance of voice quality in speech prosody 
has been received more and more attention, especially in the 
paralinguistic level (e.g., emotional speech) (e.g., [28]); voice 
quality is the enhancement cue for tonal contrasts [29]; it is 
sensitive to prosodic structures (e.g., [30]). But we show in 
this study that voice quality plays a very fundamental role in 
prosodic structure, as it is a part of pitch processing. Pitch 
analysis and synthesis thus should take voice quality cues into 
account. Previous study has shown that tone classification can 
be achieved with spectral information only [31].  

This finding is instrumental to speaker normalization, as 
voice quality can provide information on pitch location for a 
speaker; for example, a tense voice indicates that the speaker 
has nearly reached his/her highest range (or is speaking at 
his/her highest pitch). 
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