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Introduction
Phonetic imitation plays an important role in human interaction in that it reflects the closeness of the social bond
between two individuals. Past studies have indicated the importance of the region between 50 Hz to 300 Hz (the
fundamental frequency (F0) region) which is the most important source of information regarding emotions,
stands and attitudes in the voice [1,2]. The same region also provides acoustic information for imitation
exploited in promoting social convergence and status accommodation [3-8] and expressing ingroup-outgroup
bias [9]. Interestingly, there appear to be large individual differences in speakers’ ability to imitate F0. Using the
shadowing task paradigm, originally introduced by [10], a recent study [11] found a considerable amount of
variation in F0 accommodation, with some subjects actually diverging from the F0 of the model talker.
We hypothesized that the individual differences in speakers’ ability to imitate F0 may at least partly be due to
their neurocognitive ability to extract information about pitch from the speech signal. In particular, due to
neuroanatomical differences found in the lateral Heschl’s gyrus (the ‘pitch processing center’), some listeners
show an auditory perception bias for the sound as a whole (fundamental listeners), while others (spectral
listeners) focus on its harmonic constituents [12,13]. The auditory perception bias has been almost exclusively
analyzed in the context of musical training, but the results of individual studies indicate that it may also affect
linguistic performance [14,15]. This study is the first attempt to explore the role of perception bias in imitation
and thus its possible impact on social convergence.

Experimental study
Participants. Eighty-eight Dutch native speakers (67 female) between the age of 17-25y (M=20.48, SD=2.12)
participated in the experiment for course credit. None of them reported any hearing difficulties. Fourteen of the
participants were left-handed; about a half of the experimental group described their musical proficiency as low
to average, the other half assessed their proficiency as high to professional.
Measuring auditory perception bias. Participants’ auditory perception bias was determined with a variation of
the psychoacoustic perceptual test described in [16], [17] and [18]. For the perceptual test, we constructed 36
pairs of complex harmonic tones, all 160 ms long, that consisted of 2-4 harmonics, with the same harmonic
composition as employed by [17]. Participants were asked to categorize 18 perceptually ambiguous stimuli
consisting of two complex tones, A and B, that were composed of a number of upper harmonic tones with the
same highest harmonic but different levels of virtual fundamental pitch (derived from the harmonics as the best
fit) and spectral pitch (based on the lowest harmonic). For example, the sequence A = (800 Hz + 1000 Hz) and B
= (667 Hz + 1000 Hz) would be perceived as rising by a fundamental listener who would derive the missing F0
to be 200 Hz for tone A and 333 Hz for tone B; it would, however, be perceived as falling by a spectral listener
who would focus on the lowest harmonics, i.e., 800 Hz and 667 Hz. The other 18 stimuli served as control trials
in that their interpretation is unambiguous but helps to determine a participant’s level of attention to the task.
Listeners were instructed to categorize each experimental stimulus (tone pair) as either ‘rising’ or ‘falling’,
depending on their perception of the sequence. Based on their answers, we calculated their individual
‘Coefficient of Sound Perception Preference’ (Dp) using the formula Dp = (F-Sp)/(F+Sp), where F is the number
of virtual fundamental classifications and Sp the number of spectral classifications. We calculated the ‘Listener
Attention Coefficient’ (DA) as the proportion of correctly categorized unambiguous stimuli. In order to test the
validity of the perceptual test, we repeated the measurement approximately one month later under the same
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conditions with a subset of the participant set (N=64). The Shapiro-Wilks test of normality revealed that the
coefficient Dp was not normally distributed in our experimental group: the majority of our participants performed
as fundamental listeners (Mean_Dp=.397, SD=.406). A comparison of the first and the second measurement
showed that even without feedback, repeated exposure to the ambiguous stimuli results in a shift towards
fundamental auditory bias (Spearman’s rho = .69, p < .0001). In order to explore the possibility that the
difference between the first and the second measurement of participants’ sound perception preference was due to
the level of attention devoted to the task, we compared the absolute difference between the first and the second
Dp to the attention coefficient DA. The correlation between the attention coefficient DA in the first measurement
and the | Dp1 - Dp2 | was significant (Spearman’s rho = -.35, p < .01), indicating that poor attention to the task in
general may have been the reason for the observed shift in Dp. In the subsequent analysis relating speakers’
perceptual bias to their ability to imitate F0 in a shadowing task, we used the value of Dp collected during the
first measurement (i.e., in the same session as the shadowing task). We excluded the data from participants
whose attention coefficient DA was lower than .9, i.e. those who classified two or more of the unambiguous
stimuli incorrectly; this results in a sample of N=41.
Shadowing task. The material used during the shadowing task consisted of 16 sentences (8 declaratives and 8
interrogatives) that were presented four times in different orders to each participant. During the first and the
fourth presentation, the sentences were presented one-by-one on a computer screen and the participant was
instructed to read them in a neutral manner. During the second and the third presentation, the material was
presented in an auditory form through a Sennheiser HMD26-600 headset. The participant was asked to repeat the
sentences as precisely as possible. For model talkers, we used four different Dutch speakers (two male and two
female) who were selected from a set of ten candidates on the grounds of speech clarity and lack of regional
accent. The model talkers pre-recorded the 16 sentences in a soundproof booth with a Sennheiser HMD26-600
mic headset. Per participant, we used the recordings of a single model talker in order to increase exposure to the
model talker’s pitch. The participants were randomly divided between two experimental conditions; half of the
participants heard full speech recordings while the other half heard recordings that were filtered with a 300-Hz
high-pass Butterworth filter implemented in the Signal Processing Toolbox in Matlab. We calculated the ‘Degree
of F0 Imitation’ by subtracting the absolute difference between the second and third F0 measurement (where the
participant was shadowing) from the absolute difference between the model talker’s F0 and the participant’s F0
in the first measurement (baseline). Thus, a positive value of the ‘Degree of F0 Imitation’ indicates that the
participant adapted to the model talker’s F0, a negative value means the participant diverged and 0 represents no
measurable change in mean F0. Given the considerable size of the speech corpus that was collected (5632
utterances in total), for the purpose of the analysis reported here, we focused solely on the initial voiced segment
in one of the interrogative sentences (‘Kan ik bij een vertraging mijn geld terug krijgen?’ - “Can I get my money
back in case of delays?”). The segment was extracted using a semi-automatic method and the pitch was
determined with the autocorrelation method in Matlab.
The F0 measurements were analyzed with multiple regression with the between-subject condition F0 Filter (full
speech signal vs. signal with frequencies above 300 Hz) and the participant’s Coefficient Dp as predictors and
the Degree of F0 Imitation as the dependent variable. As shown in Table 1 and 2, respectively, there was a main
and interaction effect of the two predictors on the Degree of F0 Imitation, both for the second measurement (the
first time the participants were shadowing the model talker’s speech), F(2,38)=3.443, p<.05, as well as for the
Table 1. Summary of Multiple Regression Analysis for the Degree of F0 Imitation in the second measurement (N=41).

_________________________________________________________________________
Variable
B
SE(B) Beta
t
Sig.(p)
___________________________________________________________________________________________________
F0 Filter

50.71

16.20

.591

3.130

.003

Coefficient Dp

51.36

18.31

.443

2.805

.008

F0 Filter * Coefficient p

-81.08

36.62

-.400

-2.214

.033

___________________________________________________________________________________________________
Note. r2=0.252
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Table 2. Summary of Multiple Regression Analysis for the Degree of F0 Imitation in the third measurement (N=41).
__________________________________________________________________________________________________
Variable
B
SE(B) Beta
t
Sig.(p)
__________________________________________________________________________________________________
F0 Filter

55.85

19.55

.558

2.857

.007

Coefficient Dp

43.96

22.10

.325

1.989

.054

F0 Filter * Coefficient p

-61.10

44.19

-1.383

.175

-.259

__________________________________________________________________________________________________
Note. r2=0.199

third measurement (the second shadowing), F(3,37)=3.065, p < .05. This result shows that more fundamental
listeners are better in F0 imitation than less fundamental (spectral) listeners, especially in conditions where the
F0 information is missing and needs to be derived from the speech signal.

Concluding Discussion
In the study reported here, we used the standard psychoacoustic perceptual test with missing fundamental
frequencies to determine a speaker’s listener bias. In general, a listener’s ability to perceive the missing F0 plays
an important role in sound perception in that it helps to track prosodic contours in speech even when they are
masked by noise or not transmitted [19], as in phone speech where the region up to 300 Hz is missing. The
outcome of the task is somewhat dependent on the composition of the stimuli with the missing fundamental (the
number of harmonics favors either the fundamental - for 4 harmonics, or the spectral - for 2 harmonics interpretation; see [20]). Given that of the 18 ambiguous trials, 12 consisted of 3 and 4 harmonics, the task as
such may have favored fundamental perception bias, which might explain the skewed distribution of the
coefficient p in our participant group. A future study may therefore involve a more balanced composition of the
stimuli, possibly also varying their length [21]. A comparison of the coefficient p measured at two different
moments within a one-month period shows that the coefficient is not stable. In particular, we observed a slight
shift towards a more pronounced fundamental perception, which correlated with the participant’s attention to the
task. Interestingly, a similar training-independent increase in the salience of the virtual fundamental pitch has
been earlier reported by [22], who ascribed it to learning-induced long-term plasticity reflecting the biological
relevance of pitch sensation [23]. We subsequently collected speech data in the classical shadowing task with
two conditions, one with a full speech signal and one with high-pass filtered speech above 300 Hz. In both
conditions, speakers with fundamental listener bias adapted more to the F0 of the model talker; as might be
expected, the effect was more pronounced in the high-pass filtered condition. This result suggests advantages for
fundamental listeners in communicative situations where F0 imitation is used as a behavioral cue. Future
research needs to determine to what extent auditory perception bias may be influenced by training and whether it
affects other social processes that rely on parsing of the prosodic information.
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