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The aim of this paper is to answer the question whether “perception-action” dissociation, which is
well documented in vision, may also be found in auditory information processing. Trained singers
were asked to produce vowel sounds into a microphone. The sound that each singer produced was
fed back to their ears via headphones. Two seconds after the sound production had begun, the
auditory feedback was shifted in pitch by a certain degree �9, 19, 50, or 99 cents in either direction�.
In every set of sounds, instances without any pitch shifts also appeared. After each trial, participants
reported whether they were aware of a pitch change or not. It was found that even though the
participants were unaware of subtle pitch changes, the fundamental frequency of their vowel
production was found to shift slightly in the opposite direction to the pitch shift. These results show
that auditory information is processed by two separate systems: one for perception and one for
action. They also show that the function of the auditory control system differs from the visual
control system. The latter is used to control bodily movements while the function of the former is
a nonconscious, instant control of vocalization. © 2008 Acoustical Society of America.
�DOI: 10.1121/1.2817357�
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I. INTRODUCTION

Milner and Goodale �1995� postulate two separate visual
systems in the human brain. Evidence from studies of both
humans and other primates has shown that there is a distinc-
tion between vision for perception and vision for action,
which is reflected in the organization of the visual pathways
in the cerebral cortex of primates �Aglioti et al., 1995;
Goodale et al., 1991; Goodale and Milner, 1992; Goodale
and Milner, 2004; Haffenden et al., 2001; Kroliczak et al.,
2006�. Each stream uses visual information in a different
way. The ventral stream transforms visual information into
perceptual representations of objects and their relations to
each other. Such representations enable us to identify objects
and attach various properties to them. In contrast, the trans-
formations carried out by the dorsal stream provide moment-
to-moment information concerning the location and disposi-
tion of objects, with respect to the effector being used, and
thereby mediate the visual control of skilled actions directed
toward those objects. In recent years, researchers have at-
tempted to find a similar dissociation between action and
perception in human audition �Repp, 2000, 2005�. They tried
to find an exact auditory analogue for the visual system
which controls action. The idea that audition can mimic vi-
sion in controlling motor actions such as grasping or reach-
ing objects is difficult to defend. Therefore, if we want to
retain the general idea of two separate auditory systems: one
for conscious perception and the other for nonconscious con-
trol of action, first we have to find out what kind of control
could be effectively performed by the system that is respon-
sible for the nonconscious processing of auditory informa-
tion. The present author assumed that audition is mainly used
to control different forms of vocal action. The experiments
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were designed to test if this control is performed consciously
or nonconsciously. If the experiments show that vocal utter-
ances are controlled nonconsciously, then the hypothesis that
there are two separate auditory systems will gain solid sup-
port.

Activities whose motor reactions are controlled by audi-
tion are for the most part based on the presence of acoustic
feedback information. This information is picked up from
sounds we generate ourselves, including our own voice,
sounds from musical instruments, and sounds produced by
other forms of our activity. The information obtained by the
auditory system helps to correct the process of producing
these sounds so as to meet our expectations. We are con-
stantly informed of the results of our motor activities by
acoustic signals generated during these activities. Acoustic
waves intercepted by our auditory system allow the appro-
priate muscles to be activated in order to achieve the desired
acoustic effect. The key role of feedback in the process of
learning speech, mastering a musical instrument, and keep-
ing a stable rhythm is well known and documented �Smith,
1975; Finney and Palmer, 2003; Repp, 2000; Pfordresher and
Palmler, 2006�. But, until now, authors have only focused on
the functioning of our auditory control and the appropriate
reactions to changes in feedback, thereby overlooking the
nature of these reactions: they seem to assume that our ac-
tions are controlled consciously and engage the system of
auditory perception.

The hypothesis tested in this paper is that fundamental
voice frequency is tracked and controlled nonconsciously by
an auditory system which controls vocal production. The ef-
fects of this control are used to correct vocal productions
nonconsciously.

It should be stressed that the proposed approach goes a
step further than research on the role of the “what” and

“where” pathways in the auditory domain �Rauschecker,
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1998; Rauschecker, 2000; Alain et al., 2001; Arnott et al.
2004�. The advocates of the latter approach claim that the
“what” pathway, or the ventral stream, is responsible for the
recognition of sound sources; while the “where” pathway, or
dorsal stream, is responsible for the perception of location
and of the arrangement of sound sources in space. The
present author accepts Milner and Goodale’s �1995� hypoth-
esis that the ventral stream processes information for percep-
tion while the dorsal processes information for action perfor-
mance. However, this hypothesis had to be adapted to the
sphere of audition by assuming that the dorsal stream in the
auditory cortex is primarily responsible for the control of the
production of sounds, and in particular for the control of
phonation.

Some recent findings support the hypothesis that motor
reactions are separated in the auditory modality. Repp �2000�
showed that in a synchronized tapping task, subliminal pulse
changes in a tone sequence were compensated for. This is an
automatic, nonconscious process that is sensitive to the tem-
poral order of information below the perceptual threshold.
Action control is also insensitive to perceptual illusions
�Repp, 2005�. An auditory illusion, such as the influence of
an intensity change on perceived timing, does not affect on-
line action control. The results obtained in the work of
Hickok and Poeppel �2003� suggest that in the case of speech
perception a ventral stream is involved in mapping sound
onto meaning, while a dorsal stream is involved in mapping
sound onto articulatory-based representations.

To observe the dissociation between perception and mo-
tor control, a subliminal experimental situation was created.
In a psychoacoustic experiment, values below the perceptual
threshold were used, i.e., values which were not processed
through the normal channels or apparatus of perception. The
hypothesis was that a subliminal modification to auditory
voice feedback would cause an appropriate correction as a
response, even if this change was not actually perceived.

On the assumption that the auditory system functions in
the same way as the visual one and processes the information
vital for motor reactions in real time, a reaction that would
compensate for such a modification should be expected. Two
experimental conditions were used: F0 shifted up and F0
shifted down. Thanks to recent research �Burnett et al., 1998;
Larson et al., 1996; Larson, 1998; Burnett and Larson, 2002;
Natke et al. 2003; Yi Xu et al., 2004; Sivasankar et al.,
2005�, it has been established that during vocalization sub-
jects react to perturbations in the pitch of voice feedback by
changing their fundamental voice frequency �F0�, usually to
compensate for the pitch shift. Responses indicating a nega-
tive feedback system which stabilizes F0 occur with a la-
tency of 100–160 ms �Burnett et al., 1998; Hain et al., 2000;
Natke and Kalveram, 2001�. The experiments did not focus
on the way the listeners perceived the modifications. Previ-
ous research �Klatt and Zue, 1971; Pape and Mooshammer,
2006� determined the just-noticeable difference �JND� of
fundamental voice frequency contours for digitally synthetic
stimuli. Depending on the experimental conditions and the
stimuli used �i.e., different vowels�, it was found that pitch
shifts ranging from 4 to 98 cents constituted the averaged

JND. Under the experimental conditions of this study, and
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using the vowel “u,” the averaged threshold value below
which pitch shifts could not be observed was 26 cents.
Throughout all the trials, changes in the subjects’ fundamen-
tal voice frequency were examined. Reactions to subliminal
pitch perturbations of voice feedback were also checked by
an analysis of changes in fundamental voice frequency �F0�.

II. METHOD

A. Subjects

Nine adults between 21 and 28 years of age participated
in this study. All the listeners qualified as having normal
hearing, which was defined as the audiometric threshold of
20 dB hearing level, or better, for a range from
250 to 8000 Hz �ANSI, 1996�. They reported no neurologi-
cal defects and had no speech or voice disorders. All of them
were trained singers. The subjects were seated in a sound-
treated room.

B. Stimuli

The subjects’ voices were recorded with a Shure SM 58
microphone �with a 6 cm mouth-to-mike distance�, amplified
with a Behringer mixer model 802A, and processed for au-
ditory feedback pitch shifting through a DP2 Ensoniq ultra-
harmonizer. The pitch-shift processing introduced a small de-
lay of 10 ms. The output of the harmonizer was mixed with
pink masking noise �75 dB sound pressure level �SPL�� and
presented to the subject over Sennheiser HD 600 head-
phones. The experiment schema is presented in Fig. 1.

Because previous studies �Burnett et al., 1998� showed
no relationship between voice F0 response and voice inten-
sity, the intensity was not under strict control in this study.

C. Procedure

In the experiment subjects were instructed to vocalize
the vowel /u/ for 5 s. They were asked to maintain constant
pitch and loudness. They heard their own voice via head-
phones. The voice signal was mixed with pink noise �70 dB
SPL� to partially mask bone-conducted auditory feedback.
The experiment schema is presented in Fig. 2.

At the beginning of the third second of each vocaliza-
tion, voice feedback was pitch shifted by 9, 19, 50, or 100

FIG. 1. Schema of the experimental acoustic feedback setup.
cents, respectively, in both directions. In every set of sounds,
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instances without any pitch shifts also appeared. Pitch shifts
in the auditory feedback signal were controlled by a MIDI
based control system. During a 5 s break between each vo-
calization, subjects were required to report whether the trial
had contained a pitch shift and, if yes, what direction it was.
Both the beginning and the ending of phonation were marked
with visual stimuli. Pitch shift values were randomly or-
dered. Every pitch shift value was repeated 30 times.

At the same time, the listener’s voice was digitally re-
corded and changes in their fundamental voice frequency
were examined in order to check subject’s actual reactions to
pitch shifts.

In order to get information about threshold perception in
pitch shift, the results from all the subjects had to be divided
into two categories: results where subjects heard pitch
changes during the vocalization, and results where subjects
did not perceive any pitch changes during the vocalization.
The results were presented in the form of psychometric
curves, with a threshold value of 75% for correct detections.
Additionally, the individual results were analyzed to see
whether the direction of the fundamental voice frequency
shift was appropriately detected. For each of the listeners,
percentage values representing the number of correct an-
swers to the pitch shift stimuli were calculated. The threshold
was set at 50% correct answers, in order to intensity the
criteria of the experiment and verify that the subject was
actually able or not able to determine the pitch shift direc-
tion.

D. Analysis

The signal was low-pass filtered at 500 Hz in order to
remove high frequency harmonics. The fundamental fre-
quency of vocalization during each trial was calculated using
an algorithm incorporated in the Praat software �Boersma,
1993�. The data was then analyzed using a special applica-
tion developed in the MATLAB environment. For each trial, an
average value of F0 and a standard deviation were calculated
for the period before the onset of the pitch shift. Subse-
quently, a reaction check was performed. A positive reaction
was defined as a deviation in F0, which had a latency of at
least 60 ms, a magnitude of more than 2 SDs of the 1000 ms
pre-stimulus mean, and a duration of at least 120 ms in a
maximum of 800 ms after the pitch shift �Fig. 3�. The appli-
cation automatically determined the time when the averaged
signal departed and reentered the 2 SD response criterion,
and calculated the corresponding values in cents for valid
responses only.

Changes in the fundamental frequency were converted

FIG. 2. Schematic illustration of stimulus presentation.
to cents using the following formula �Hain et al., 2000�:
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Cents = 100 � �10 � Log�P/M�
Log�2� � ,

where P is response peak F0 in hertz, and M is the base line
mean F0 in hertz.

III. RESULTS

More than 80% of the signals fully corresponded to the
predefined criteria. Among the analyzed signals, in 89% of
the answers there was compensation for the applied change
�opposing responses�, and in 11% there was no such com-
pensation �following responses�. In the display of results, the
results of control trials �sets of sounds without pitch shifts�
were omitted, because in the trials more than 70% of motor
reactions were classified as invalid.

The results are discussed at two levels: as group data
and individual data. The averaged results of the detection
task and the averaged results of the motor response are pre-
sented in Figs. 4�a� and 4�b�, respectively.

Figure 4�a� represents the averaged results for the per-
ception task of the experiment. Percentage values represent
the number of detections of the pitch shift. The average mo-
tor response values �in cents� are presented in Fig. 4�b�.
From the equation of the accumulative standard distribution
curve, threshold values for the probability of 75% were cal-
culated. The averaged threshold values were −21 cents for
the downward pitch shift of fundamental voice frequency,
and 30 cents for the upward pitch shift. Therefore the values
−19, −9, 9, and 19 cents were under the 75% threshold, and
were thus in the same range as those gathered in previous
experiments of a similar nature �Klatt and Zue, 1971; Klatt
1973; Pape and Mooshammer, 2006�. However, in the previ-
ous studies thresholds were determined in different experi-
mental conditions.

The results were also presented on an individual level in
order to show the correct detections of the direction of pitch
shift. Individual results of the detection task, along with the
corresponding motor reactions, are shown in Fig. 5. The col-
umn on the left represents the results of the perception part
of the experiment. Percentage values represent the number of
correct answers to the pitch shift. Only one subject perceived
all the changes in voice pitch correctly. For seven subjects
pitch shift values −19, −9, and 9 were under the 50% thresh-
old. This means that, for these values, the listeners were
unable to perceive the direction of the pitch shifts. Therefore,

FIG. 3. Example of F0 response of a subject to downward pitch stimuli.
these values can be identified as subliminal for perception.
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An interesting asymmetry of the results can be observed: it
was easier to perceive upward pitch shifts than downward
pitch shifts.

The individual motor response values �in cents� for each
subject are presented in the right-hand column. It can be
clearly seen that when the pitch feedback is shifted down, the
subjects raise their pitch, which contrasts with the pitch feed-
back being shifted up in order to compensate for the pitch
change in the auditory feedback. The same response can also
be observed for shifts which are subliminal to perception.
The post-hoc T Tukey �HSD� test was carried out for stimuli
that were not noticed perceptually. The test showed the sta-
tistical significance of differences between reaction values to
upward and downward pitch shifts for the majority of con-
ditions in all cases.

IV. DISCUSSION

Recent studies �Burnett et al., 1998; Larson et al., 1996;
Larson, 1998; Burnett and Larson, 2002, Hain et al., 2000;
Jones and Munhall, 2000; Natke et al., 2003; Yi Xu et al.,
2004; Sivasankar et al., 2005� in the field of fundamental
voice frequency control have clearly shown that the audio-
vocal system controls the stability of fundamental voice fre-
quency by compensating for the changes applied to feed-

FIG. 4. The averaged results of the detection part of the experiment. Perce
results of the motor part of the experiment �b�.
back. It has been proven that the so-called pitch shift reflex
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process is of automatic nature �Burnett et al., 1998�, al-
though its neural mechanism is still poorly understood.

The results of the experiment suggest that the stream
utilized to control fundamental voice frequency could be
both independent of the perception stream and cooperate
with it at the same time. In the results of the experiment
presented in this study there are vast differences between
reported perceptions and motor reactions. In many cases, lis-
teners reacted appropriately to voice pitch shifts, although
they did not perceive the change. This fact suggests that a
certain part of the information contained in the acoustic sig-
nal is also processed subconsciously for calculations neces-
sary for appropriate motor reactions. The present experiment
was carried out on a group that consisted only of trained
singers. The decision to choose this type of group was based
on the fact that, because of the subjects’ training in singing,
random changes in voice pitch before the onset of pitch shift
were not significant to the results of the experiment. It can be
presumed, however, that in the case of people not trained in
singing, the same mechanism of fundamental voice fre-
quency control operates. The results of previous studies
�Hain, 2000� revealed that the process of controlling funda-
mental voice frequency could be independent of our will. It
also suggests a possible division into perception and motor

values show the number of detections of the pitch shift �a�. The averaged
ntage
streams.
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In their neurological studies, Hickok and Poeppel �2003�
discovered the division of two separate streams in cortical
processing. One of those streams attached a certain meaning

FIG. 5. Results with appropriate standard deviations for all subjects. The
column on the left represents the results of the perception part of the experi-
ment. Percentage values show the number of correct answers to the pitch
shift. Circles aligned under the line corresponding to the perception thresh-
old stand for values that were not registered perceptually. The column on the
right represents the results of the motor part of the experiment. Reactions
that were not registered in the perception part of the experiment were
singled out.
to the sound event, while the other articulated representations
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of the sound itself. The latest studies �Purcell and Munhall,
2006� show that auditory feedback during speech production
plays a significant role in the maintenance of accurate articu-
lation. Any real time changes that modified the frequency of
the first formant caused a reaction which compensated for
those changes by adjusting the parameters of the vocal track.
Such a reaction is strictly a motor reaction. All the experi-
ments show that acoustic feedback is necessary for the regu-
lation of the parameters of produced sounds, as it triggers
appropriate motor reactions. In this study, by arranging a
specific experimental situation, we were able to separate the
functioning of the two streams. The use of stimuli situated
beneath the threshold of perception allowed us to isolate the
motor stream in order to observe its functioning. A similar
situation was arranged by Repp in his study of the perception
of rhythm with simultaneous finger tapping. In his study he
showed that listeners are capable of reacting to subliminal
changes in a rhythmic sequence, even though such changes
are not registered by their perception. The intent of our study
was to verify the possibility of there being motor reactions
beyond conscious control which are used to control funda-
mental voice frequency. The experiment dedicated to this
purpose verified that this is the case for subliminal changes
in acoustic feedback. Such a reaction also took place with
distinctive changes, but according to the previous studies
�Burnett et al., 1998; Larson et al., 1996; Larson, 1998, Bur-
nett and Larson, 2002; Hain et al., 2000� it did not fully
compensate for the changes introduced into feedback.

V. CONCLUSION

1. The results of the experiment carried out suggest that
the motor control of fundamental voice frequency functions
properly, even when the pitch shifts are not being con-
sciously perceived.

2. The obtained results suggest that in the case of the
motor control of phonation, a dissociation between percep-
tion and action for auditory information takes place.
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