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In vision, the motion aftereffect (MAE) is a common
phenomenon that can be often observed in the natural en-
vironment and easily demonstrated experimentally. The
well-known waterfall illusion and the spiral aftereffect
are just two examples. After a few minutes of viewing an
object moving in a single direction (the adapting stimu-
lus), a stationary object (the test stimulus) appears to move
in the opposite direction. This visual MAE (vMAE) has
been extensively studied for more than a century and has
been taken as psychophysical evidence for the existence
of specialized motion detection channels in the visual sys-
tem (e.g., Gates, 1934; Wade, 1994; Wohlgemuth, 1911).

In the visual studies, the duration of the vMAE and the
apparent velocity of the test stimulus have commonly been
used as measures of its magnitude. It has been shown that
the duration of the vMAE increases with the duration of
the adapting stimulus and can last as long as 10–30 sec
(Herschenson, 1989; Sekuler & Ganz, 1963). Herschen-

son (1993) reported that the duration of the vMAE in-
creased in proportion to the square root of adaptation
time up to 90 sec. By using a nulling method, in which the
subject continuously adjusts the velocity of a test stimu-
lus moving in the direction opposite to that of the vMAE
until the test stimulus appears to be stationary, the ap-
parent velocity of the vMAE over time can be recorded.
It has been found that, within a limited range, the veloc-
ity of the vMAE increases with the velocity of the adapt-
ing stimulus (Brigner, 1986; Taylor, 1963; Wohlgemuth,
1911). In addition, the vMAE is restricted to the retinal
area stimulated by adapting motion (Wohlgemuth, 1911),
displays a spatial frequency specificity (Brigner, 1982;
Cameron, Baker, & Boulton, 1992; Over, Broerse, Cras-
sini, & Lovegrove, 1973), and transfers between eyes (Hol-
land, 1957; O’Shea & Crassini, 1981; Wohlgemuth, 1911).

A commonly held explanation for the vMAE is that
the visual system contains specialized motion detection
channels and that these channels are distinct from those
that process stationary position or depth (Beverley &
Regan, 1973; Pantle & Sekuler, 1968; Regan & Beverley,
1973; Regan, Beverley, & Cynader, 1979; Sekuler &
Ganz, 1963; Sekuler & Pantle, 1967). During prolonged
exposure to one direction of motion, neurons sensitive to
that direction of motion adapt (Barlow & Hill, 1963;
Giaschi, Douglas, Marlin, & Cynader, 1993; Marlin,
Hasan, & Cynader, 1988; Saul & Cynader, 1989a, 1989b).
Then, when a static stimulus is presented, the activities of
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In this paper, the auditory motion aftereffect (aMAE) was studied, using real moving sound as both
the adapting and the test stimulus. The sound was generated by a loudspeaker mounted on a robot arm
that was able to move quietly in three-dimensional space. A total of 7 subjects with normal hearing
were tested in three experiments. The results from Experiment 1 showed a robust and reliable nega-
tive aMAE in all the subjects. After listening to a sound source moving repeatedly to the right, a sta-
tionary sound source was perceived to move to the left. The magnitude of the aMAE tended to increase
with adapting velocity up to the highest velocity tested (20º/sec). The aftereffect was largest when the
adapting and the test stimuli had similar spatial location and frequency content. Offsetting the locations
of the adapting and the test stimuli by 20º reduced the size of the effect by about 50%. A similar decline
occurred when the frequency of the adapting and the test stimuli differed by one octave. Our results
suggest that the human auditory system possesses specialized mechanisms for detecting auditory mo-
tion in the spatial domain.
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the neurons sensitive to the opposite direction dominate,
causing the stationary object to be perceived as moving
in the direction opposite to that of the adapting motion.

Although specialized motion-sensitive channels are
well established in vision, their existence in the auditory
system is still a subject of debate. In principle, there are
two different interpretations for the perception of sound
source motion by the auditory system (Middlebrooks &
Green, 1991). One, the snapshot theory, is that the audi-
tory system simply uses the same neural mechanism that
is used to localize stationary sound sources to register
the positions of the sources at different times and then
compares them to extract the velocity. In this case, a spe-
cialized system for motion detection is not needed or em-
ployed. The second interpretation is that there exist spe-
cialized motion detection channels in the auditory system.
These specialized channels are most sensitive to the dy-
namic aspects of localization cues—for example, time-
varying interaural intensity difference (IID), interaural
time difference (ITD), or time-varying spectral informa-
tion available to each ear. As Lappin, Bell, Harm, and Kot-
tas (1975) proposed, source velocity might be a “directly
perceived attribute of moving stimuli” (p. 393).

Compared with studies of the vMAE, studies of anal-
ogous auditory MAE (aMAE) are relatively scarce (e.g.,
Ehrenstein, 1994; Grantham, 1989; Grantham & Wight-
man, 1979; Reinhardt-Rutland, 1992). In these studies,
simulated moving sound was used as the stimulus. In the
Reinhardt-Rutland study, simulated moving sound was
generated by simultaneously changing the sound level of
1000-Hz sinusoids at the two ears presented over head-
phones in opposite directions. After adaptation, a chang-
ing-loudness aftereffect was reported for the monaural
test stimulus by all the subjects. However, when tested bin-
aurally, no subjects observed any MAE or loudness after-
effect. Ehrenstein reported that after 90 sec of listening
to a simulated moving sound produced by dynamically
varying the IID or the ITD, a stationary test stimulus was
displaced in the direction opposite to that of adaptation,
but no apparent motion was observed. However, when
simulated moving sound was used as both the adapting
and the test stimuli (Grantham & Wightman, 1979) or just
as the test stimulus (Grantham, 1989), an aMAE was
found, although it lasted only 1–3 sec and was not observed
in all the subjects tested. In the study by Grantham and
Wightman, an aMAE was reported for 500-Hz sinusoids
but was virtually absent for 2000-Hz pure tones. When
the velocity of an adapting stimulus (a 500-Hz low-pass
noise) was below 30º/sec, an aMAE was observed only
for 2 out of 4 subjects tested (Grantham, 1989).

Simulated moving sound may be a less-than-ideal stim-
ulus to use, because it provides the auditory system with
incomplete motion cues. For example, when simulated
moving stimuli are presented through headphones and
the motion is achieved by dynamically varying the IIDs
or the ITDs, the modifying effects of the head and pinna
on the incoming signals are bypassed altogether. Thus,
the auditory motion detection channels may not be ade-
quately stimulated. However, a real moving sound can pro-

vide a more natural stimulus and, potentially, more local-
ization cues, including a time-varying frequency spec-
trum, as well as time-varying intensity and phase infor-
mation. Here, we report the results of experiments in which
a real moving sound was used as both the adapting and
the test stimuli. Sound stimuli were generated by a loud-
speaker mounted on a robot arm that was able to move
smoothly and quietly at velocities of up to 30º/sec on the
surface of an imaginary sphere centered on the subject’s
head. With this stimulus, a robust and repeatable aMAE
was demonstrated in all (7/7) the subjects tested. Exper-
iment 1 confirmed the existence of the aMAE and its de-
pendence on adapting velocity. Experiments 2 and 3 ex-
amined the tuning and specificity of the aMAE in the
spatial and frequency domains.1

GENERAL METHOD

Subjects
A total of 7 subjects (T.S., R.C., M.H., M.L., J.Q., P.Z., and C.D.)

with clinically normal hearing participated in these three experi-
ments. All the subjects, 23–39 years of age, were recruited from
members of the Ophthalmology Research Lab or were students at
the University of British Columbia. Except for the two authors (P.Z.
and C.D.), all the subjects were unaware of the purpose of the
experiments.

Apparatus
In order to study the aMAE, an acoustical stimulus system (Fig-

ure 1) was designed that allows a sound source to move with a given
velocity (up to 30º/sec) along a specified trajectory. The stimulus
system consisted of a robot arm and control circuits and software.
The robot arm was designed and constructed at the Department of
Electrical Engineering at McGill University. Control software for
the robot arm was developed by one of the authors (N.V.S.). In this
system, a loudspeaker (LCS-150, Labtec) was mounted at the tip
(the end effector) of the robot arm, which is a servo-controlled
mechanism of a closed-loop kinematic chain (see the Appendix for
further details of the design). Servo motors were interfaced with an
IBM PC computer through a PC motion control interface card
(MFIO-3A, Precision MicroDynamics). The system was designed
to move the loudspeaker smoothly, quietly, and safely so that the
trajectory of the loudspeaker was constrained to lie on the surface
of a sphere with a radius of 0.8 m. The frequency spectrum of the noise
produced by the motion of the robot arm is shown in Figure 2.2 When
the subject’s head was located at the center of this sphere, the loud-
speaker was always oriented toward the subject’s head.

The area of the surface that could be reached by the loudspeaker
was about 63% of the total surface area of the sphere, covering al-
most all of the subject’s frontal hemifield. The loudspeaker was
connected to a soundblaster card (Sound Blaster 16, Creative Labs),
which was programmed to generate different kinds of sound, in-
cluding white noise, band-pass noise, pure tones, and clicks. These
sounds were synchronized with the movement of the robot arm. In
this way, the sound was activated after a given latency when the
loudspeaker moved into a given spatial region. This acoustical stim-
ulation system was positioned in an acoustically treated soundproof
chamber, which was modified from an IAC sound-insulated cham-
ber (Industrial Acoustics Company). Taking advantage of this
unique sound stimulator, a series of psychoacoustical experiments
was carried out to study the aMAE.

Procedure
A two-alternative forced-choice paradigm was used to measure

the aMAE. In the initial adaptation period (160–200 sec), a sound
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source repeatedly swept a specified arc in a single direction. Be-
tween two successive adapting sweeps, there was a silent interval of
about 1 sec, which was required to reposition the loudspeaker to the
start position and to accelerate it to the desired speed (Figure 3). By
varying the number of adapting sweeps, the total duration of actual
sound motion during the initial adaptation was kept constant
(120 sec) for all of the adapting velocities tested. During the test pe-
riod, the subject’s task was to indicate the direction (i.e., left or right)
of a brief test sound by pressing one of two buttons.

The velocity of the test stimulus was randomized from trial to
trial. In order to maintain the subject in an adapted state, following
each test, there was a readaptation period (8–10 sec), within which
the subject was exposed to the adapting sound again for a total mov-
ing sound exposure of 6 sec (Figure 3). The range of test velocities
was always centered on zero and was chosen so that the extremes of
the range were almost always correctly identified by the subject. A
psychometric function was generated by plotting the percentage of
left responses to the different test velocities presented during a
block of trials. Probit analysis (Finney, 1971) was used to estimate
the 50% response rate on the resulting psychometric function. This
was the stimulus velocity that sounded stationary to the subjects. If
there was an aMAE, the test velocity that appeared to be stationary
would shift in the direction of the adapting velocity. In our studies,

this mean velocity was used as a measure of the magnitude of the
MAE.

Close inspection of the experiments done by Grantham and Wight-
man (1979; Grantham, 1989) reveals a potential drawback in their
experimental design. In their studies, test stimuli moved symmetri-
cally about the midline. Therefore, the direction of motion of a test
stimulus could be decided on the basis of the start or end position
of the test stimulus, relative to the midline. For example, if the start
position of a test stimulus was on the right side of the midline, there
may have been a bias to report that the test stimulus moved to the
left. The subjects in these studies might have used the localization
cues for the start or end position of a test stimulus to judge the di-
rection of the moving test stimulus. To overcome this potential draw-
back in our experiments, for each start position, a test stimulus
could move randomly in either direction, left or right. Thus, the start
and/or the end positions could no longer provide direction cues for
the subjects, except in extreme cases.

All the experiments were conducted in the darkened soundproof
chamber described above. The subjects were seated at the center of
the sphere defined by the motion of the loudspeaker and were in-
structed to keep their eyes closed and maintain a steady upright pos-
ture throughout the course of experimentation. A headrest was pro-
vided to prevent the subjects from tilting their heads either sideways
or forward. Before data were collected, at least 2 h of training were
provided to each subject until the performance of the subject was
stable. The order of trial blocks with different stimulus parameters
(i.e., adapting velocity, stimulus frequency, or spatial region) was
randomized for each of the three experiments in order to minimize
any order effects. Each session lasted about 1 h, which typically in-
cluded three individual trial blocks. For example, in Experiment 1,
each session consisted of three trial blocks with different adapting
velocities: +20º/sec, 0º/sec (control), and 220º/sec, where positive
velocities indicate that the direction of the moving stimulus is to the
right, whereas negative velocities indicate that the direction is to
the left. After each block of trials, a 5-min break was provided in
order to prevent the subject from fatiguing. Each experiment was
spread over 3 weeks.

EXPERIMENT 1

This experiment was designed to demonstrate the
aMAE and to analyze the magnitude of the aMAE as a
function of adapting velocity.

Method
Four subjects (T.S., R.C., P.Z., and C.D.) were tested. Broadband

noise (500–14000 Hz, Figure 4) was used as both the adapting and
the test stimuli. The average level of each sound, presented from a
stationary loudspeaker at 0º azimuth at the subject’s ear level and
measured at the subject’s head position (0.8 m distant), was about
75 dBA. In each block of trials, the adapting velocity was constant.
During adaptation, the adapting stimulus repeatedly traversed an
arc of 30º (±15º centered on the midline) at the subject’s ear level
with one of six velocities (±10º/sec, ±15º/sec, and ±20º/sec). The
duration of each sweep was 3, 2, and 1.5 sec for adapting velocities
of 10º/sec, 15º/sec, and 20º/sec, respectively. In order to keep the
total duration of exposure to the moving sound equal (120 sec), dif-
ferent numbers of adapting sweeps (40,60, and 80) were presented
for different adapting velocities (10º/sec, 15º/sec, and 20º/sec, re-
spectively). During testing, the test stimulus (1 sec of broadband
noise) moved at one of eight velocities (±1º/sec, ±3º/sec, ±5º/sec,
and ±7º/sec) with one of eight possible start positions (±1º, ±3º,
±5º, and ±7º). Therefore, a total of 64 test presentations was given
on each block of trials (8 test velocities 3 8 start positions), and the
whole adapting range (from 215º to 15º azimuth) was covered by
the motion of these test stimuli. For each adapting velocity, there

Figure 1. The robot arm used in this study. The arm is posi-
tioned in an acoustically treated soundproof chamber. A loud-
speaker (LCS-150, Labtec) mounted on the arm can move
smoothly and quietly on the imaginary surface of a sphere with a
radius of 0.8 m. In the picture, a subject is seated in the chamber
with his head at the center of the sphere.
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was a control trial block, in which the adapting stimulus was a sta-
tionary sound (i.e., one with a velocity of 0º/sec) presented directly
in front of the subject (0.8 m distant) with the same time course as
the corresponding moving adaptors. As was described earlier, in
each block of trials, percentage of left responses was plotted as a
function of test velocity (eight responses per test velocity), and the
velocity that appeared stationary was obtained from the 50% point
on the resulting psychometric function. This value (the test veloc-
ity that appeared stationary) served as the measure of aMAE mag-
nitude for a given condition. The mean aMAE and the standard
error of the mean were calculated on the basis of at least three sep-
arate blocks of trials obtained with each adaptation velocity.

Results and Discussion
In Figure 5, the magnitude of the aMAE from all 4 sub-

jects in Experiment 1 is plotted as a function of adapting
velocity. Different panels represent the results from differ-
ent individual subjects. The results showed clear aMAEs
for all the subjects for adapting velocities of 10º/sec,
15º/sec, and 20º/sec. After adaptation, the point of sub-
jective stationarity shifted in the expected direction. That
is, when the adapting velocity was positive (i.e., to the
right), the test velocity that appeared to be stationary
changed in a positive direction. Thus, a positive velocity
was judged by the subject as stationary, and correspond-
ingly a stationary sound was heard as moving to the left.

In Figure 6, the aMAE averaged over all 4 subjects
tested in Experiment 1 is displayed as a function of adapt-
ing velocity. In the top panel, as in Figure 4, the magni-
tude of the aMAE is measured as the mean perceived sta-
tionary velocity, whereas in the bottom panel, in order to
analyze the aMAE in terms of gain, the aMAE is ex-
pressed as a percentage of the adapting velocity. Although,
as was expected, in the top panel of Figure 5 the magni-
tude of the aMAE increased with the adapting velocity,
the results in the bottom panel show that the gain of the
aMAE decreased from 17% to 12.8% as the adapting ve-
locity increased from 10º/sec to 20º/sec.

EXPERIMENT 2

This experiment was designed to study the tuning and
specificity of the aMAE in the spatial domain.

Method
Three subjects (M.H., T.S., and C.D.) participated in Experi-

ment 2, 2 of whom were also subjects in Experiment 1. In this ex-
periment, an arc of 70º (±35º centered on the midline) at the sub-
ject’s ear level was divided into seven equal subregions, each 10º of
arc (235º to 225º, 225º to 215º, 215º to 25º, 25º to 5º, 5º to
15º, 15º to 25º, and 25º to 35º). Two experimental conditions were
used. In Condition 1, in order to obtain the spatial tuning of the
aMAE, the adapting and test regions were the same, and the mag-
nitude of the aMAE was measured as a function of spatial region.
In Condition 2, in order to determine whether the aMAE was spa-
tially specific, the adapting and the test stimuli were presented in
separate spatial regions, and the magnitude of the aMAE was ana-
lyzed as a function of the distance between the two separate loci. In
this condition, the region swept by the adapting stimulus was a 10º
arc (±5º centered on the midline), whereas the test region was cho-
sen from one of six separate regions (235º to 225º, 225º to 215º,
215º to 25º, 5º to 15º, 15º to 25º, and 25º to 35º). Only one adapt-
ing velocity (i.e., 20º/sec) was used in this experiment. The test
stimulus was always a 0.5-sec presentation of broadband noise,
moving at one of six velocities (±1º/sec, ±3º/sec, and ±5º/sec), with
one of four start positions, two of which were 1º on either side of
the center of the test region and the other two 3º. Taking the central
spatial region (25º to 5º) as an example, the start positions of the
test stimulus were ±1º and ±3º azimuths. During each run, eight re-
sponses were collected for each test velocity, two at each start po-
sition. As in Experiment 1, a psychometric function was constructed
plotting percentage of left responses (out of eight) as a function of
test velocity. For each condition, three or four runs were obtained,
and the mean and standard error of the aMAE magnitude for each
condition was computed from these three or four functions, as was
described for Experiment 1.

Results and Discussion
The results obtained from Conditions 1 and 2 for all the

subjects in Experiment 2 are displayed in Figures 7 and

Figure 2. Background noise level measured with the MLSSA system at the subject’s position in
the acoustically treated soundproof chamber when the robot arm was still and when it was in motion.
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8, respectively. In these figures, the results from differ-
ent subjects are shown in different panels. In Figure 7,
the magnitude of the aMAE was plotted as a function of
spatial region. Results showed that within the spatial re-
gion tested (from 235º to 35º), the spatial tuning curves
were relatively independent of position. That the aMAE
is spatially specific is clearly shown in Figure 8, in which
the magnitude of the aMAE was plotted as a function of
location of the test region. When the test region coincided
with the adapting region (from 25º to 5º), the aMAE
elicited was largest. As the distance between the test and
the adapting regions increased, the aMAE diminished,

resulting in an inverted-V shape of the spatial tuning
function. Since the measure of the space constant can
provide some information about the size of the receptive
field of a channel, a space constant was determined from
the spatial tuning curves in Figure 8, for each subject and
for the average over all 3 subjects tested in Experiment 2,
by finding the best-fitting Gaussian function and taking
the standard deviation as a measure of the space constant.
These were 15.3º, 14.9º, and 19.5º for Subjects T.S.,
M.H., and C.D., respectively. The space constant obtained
from the average spatial tuning curve of these 3 subjects
was 16.4º.

Figure 3. (A) Time sequence of the stimuli. See text for details. (B) Speaker
velocity as a function of time during one adapting sweep. In this example, the
adapting velocity is 10º/sec. After 0.2 sec of acceleration, the speaker reaches
its target velocity of 10º/sec. Then, the speaker moves at this speed (10º/sec) for
3 sec with the sound on (highlighted by a filled bar), followed by 0.2 sec of de-
celeration. (C) Speaker position as a function of time during the adaptation pe-
riod. Taking an adapting velocity of 10º/sec as an example, since the adapting
region is an arc of 30º centered at 0º azimuth, the duration of one sweep is 3 sec
(highlighted by filled bars). Note that between sweeps, there is a silent interval
of 1 sec, consisting of 0.2 sec of deceleration of the speaker immediately fol-
lowing each sweep, a period of 0.6 sec for repositioning the speaker to its start
position, and 0.2 sec of acceleration to get the speaker to the velocity of 10º/sec
immediately preceding the next sweep.
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Figure 4. The frequency spectrum of the broadband noise, measured at the position of the subject.

Figure 5. The magnitude of the auditory motion aftereffect (aMAE) measured as a function of adapting velocity. Different
panels show the mean sizes of the aMAE for different subjects. The velocity of 0º/sec indicates the control condition in which
the adapting sound was presented from a stationary loudspeaker directly in front of the subject (0.8 m distant). Note that there
is a clear aMAE for all the subjects tested. The magnitude of the aMAE increased up to the highest velocity tested. The error
bars indicate ±1 standard errors in the means of 3–4 separate blocks of trials.
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EXPERIMENT 3

This experiment was designed to study the tuning and
specificity of the aMAE in the frequency domain.

Method
Three subjects (M.L., J.Q., and C.D.) were tested. The adapting

region, velocities, and start positions of the test stimulus and the stim-
ulus intensity were the same as those in Experiment 1. As in Ex-
periment 2, only one adapting velocity (20º/sec) was tested. In this
experiment, instead of using broadband noise, five one-octave
band-pass noises with different center frequencies ( fcs; i.e., 500,
1000, 2000, 4000, and 8000 Hz) were used as stimuli. As in Exper-
iment 2, there were two conditions. In the first condition, in order
to study the frequency tuning of the aMAE, the adapting and the test
stimuli had the same spectrum. In the other condition, in order to in-
vestigate whether the aMAE is frequency specific, the adapting and
the test stimuli were in different frequency spectral ranges. A total
of 11 combinations of the adapting and the test stimuli were tested
in these two conditions (i.e., 500/500, 1000/1000, 2000/2000,
4000/4000, 8000/8000, 500/2000, 500/8000, 2000/500, 2000/8000,
8000/500, and 8000/8000 Hz, where the first figure indicates the fc

of the adapting stimulus and the second indicates that of the test
stimulus). Owing to limited time available from each subject, each
band-pass noise and each combination of adapting and test stimuli
was tested only once. Thus, each point on the psychometric function
was based on eight responses.

Results and Discussion
The results from Experiment 3 are shown in Figures 9

and 10. In Figure 9, the magnitude of the aMAE was plot-
ted as a function of frequency band. The results showed
that the magnitude of the aMAE was slightly larger for
low-frequency (<1000 Hz) sound than for middle-
(2000–4000 Hz) or high-frequency (>4000 Hz) sounds,
which is consistent with the results reported by Grantham
and Wightman (1979). Sound in the middle-frequency
range (2000–4000 Hz) was least efficient in inducing the
aMAE. The same pattern was shown in all 3 subjects
tested. Figure 10 compares the aMAEs measured with
nine combinations of the adapting and the test stimuli (i.e.,
500/500, 500/2000, 500/8000, 2000/500, 2000/2000,
2000/8000, 8000/500, 8000/2000, and 8000/8000 Hz,
where the first figure indicates the spectral content of the
adapting stimulus and the second one indicates that of the
test stimulus). In three panels (top right, bottom left, and
bottom right, respectively) of Figure 10, low- ( fc, 500 Hz),
middle ( fc, 2000 Hz), and high- ( fc, 8000 Hz) frequency
sounds served as test stimuli. In these three panels, the
adapting stimulus was a low- ( fc, 500 Hz), medium- ( fc,
2000 Hz), or high- ( fc, 8000 Hz) frequency sound. The re-
sults showed that the aMAE was largest when the adapting
and the test stimuli were identical in frequency—that is,
when both of them were low-, middle-, or high-frequency
sound. When the adapting and the test stimuli were dif-
ferent in frequency, the magnitude of the aMAE de-
creased. The extent of the decrease depended on the dif-
ference in frequency between the adapting and the test
stimuli. The larger the difference in frequency, the weaker
the aMAE, suggesting that the aMAE is frequency spe-
cific. These results are summarized in the top left panel
of Figure 10, in which the size of the circle represents
the magnitude of the aMAE averaged over all 3 subjects
tested in nine combinations of adapting and test stimuli.
In addition to the frequency specificity of the aMAE,
which is reflected by the larger sizes of the circles along
the diagonal (lower left corner to upper right corner), the
pattern in this panel shows an interesting asymmetry of
the frequency distribution of the aftereffect. The circles
below the diagonal are larger than those above it, indi-
cating that the aMAE is stronger when the test stimulus
is higher in frequency than the adapting frequency and is
weaker in the opposite conditions.

GENERAL DISCUSSION

Speculations About Specialized
Motion Detection Mechanisms

The existence of an MAE is often regarded as evidence
for specialized motion detection mechanisms in a modal-
ity. An aftereffect caused by adaptation to auditory spec-

Figure 6. Grand average of the auditory motion aftereffect
(aMAE) over all 4 subjects tested in Experiment 1 as a function
of adapting velocity. The top panel shows the mean magnitude of
the aMAE (the mean of the panels shown in Figure 4). The bot-
tom panel displays the size of the aMAE as a percentage of the
adapting velocity—that is, as the gain of the aMAE. The error
bar indicates ±1 standard error of the mean across 4 subjects.
Note that although the magnitude of the aMAE increased with
increases in adapting velocity, the gain of the aMAE tended to de-
crease as the adapting velocity increased.
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tral motion was earlier demonstrated in our laboratory
(Shu, Swindale, & Cynader, 1993). After listening to a
simple spectral pattern (a spectral peak or a spectral notch)
moving upward or downward in frequency for a few min-
utes, the same pattern was perceived as moving in the op-
posite direction even though it was actually stationary.
This result suggests that there exist specialized channels
in the auditory system that process dynamic spectral cues.

In the present study, by using real moving sound as both
adapting and test stimuli, a robust aMAE was observed
even with adapting velocities as low as 10º/sec. When
the magnitude of the aMAE obtained in the present study
is expressed as gain—that is, as a percentage of the adapt-
ing velocity—it is comparable with that of the vMAE. By
using a nulling procedure, Taylor (1963) measured the
velocity of the vMAE as a function of adapting velocity.
In order to compare the MAEs between these two modal-
ities, we recalculated the magnitude of the vMAE mea-
sured by Taylor in terms of gain. Consistent with our re-
sults for the aMAE, his results showed that although the

velocity of the vMAE increased with the adapting veloc-
ity, the gain of the vMAE expressed as a ratio with adapt-
ing velocity decreased from 23.3% to 4.8% when the
adapting velocity increased from 9º/sec to 108º/sec. Our
results suggest that, like the visual system, the auditory
system contains specialized mechanisms for auditory
spatial motion detection.3

Comparison With Previous Studies
of the Auditory Motion Aftereffect

Previous studies of the aMAE have used simulated
moving sound as the stimulus. Simulated sound source
motion has been generated by modulating IID (Ehren-
stein, 1994; Reinhardt-Rutland, 1992), ITD (Ehrenstein,
1994), or both of these cues (Grantham, 1989; Grantham
& Wightman, 1979). When the simulated moving stim-
ulus used only one of these dynamic cues, no aMAE was
elicited (Ehrenstein, 1994; Reinhardt-Rutland, 1992). In-
stead, a monaural changing-loudness aftereffect or a 
displacement aftereffect was observed. When both ITD

Figure 7. Spatial tuning of the auditory motion aftereffect (aMAE) for 3 subjects, and the average over all 3 subjects (Ex-
periment 2, Condition 1). In this condition, the adapting and the test regions were always the same, and the magnitude of the
aMAE was measured as a function of spatial region. Note that in this experimental condition, within the spatial region tested,
the aMAE was largely invariant with azimuth. The error bars indicate ±1 standard errors in the means of 3–4 separate blocks
of trials.
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and IID cues were used (Grantham, 1989; Grantham &
Wightman, 1979), an aMAE was found at low frequen-
cies (500 Hz), but for only some of the subjects. In con-
trast, by using real moving sound as the stimulus, we ob-
served an aMAE for all the subjects in our sample and
for all the conditions tested, including relatively low
adapting velocities and low and high frequencies. This
suggests that the aMAE requires as many motion cues as
possible. A real moving stimulus will provide monaural
spectral cues, as well as temporal and level information.
In order to have the aMAE explicitly expressed, not only
do the auditory motion detection channels need to be ad-
equately adapted, but it may also be necessary to use a
stimulus rich in motion cues as a test.

More recently, Grantham (1998) published a study in
which moving sound stimuli were first recorded with two
microphones put in the ear canals of a KEMAR manikin.
These recorded sounds were later played back to the sub-
ject through headphones during experiments. Thus, in

his experiments, sound waves reaching the subject’s tym-
panic membrane consisted of the dynamic cues provided
by the KEMAR manikin’s head and pinnae, such as time-
varying ITD, IID, and monaural spectral shape cues. Four
of the 5 subjects tested in his study reported that the
sounds were externalized, with a distance to their heads
of less than 30 cm. But 1 subject perceived the stimuli to
be inside her head. In the Grantham (1998) study, the mag-
nitude of the aMAE was defined as a percentage of the
maximum possible area between the two psychometric
functions obtained when the adapting stimuli had the
same velocity but moved in opposite directions. Using
this kind of virtual moving sound as the stimulus, Gran-
tham (1998) demonstrated an aMAE for both low-
(1000 Hz low-pass filtered) and high- (5000–8000 Hz
band-pass filtered) frequency signals within a range of
velocities from 10º/sec to 180º/sec. No significant veloc-
ity effect was found on the magnitude of the aMAE. He
also showed that the adaptor and the probe must have the

Figure 8. Magnitude of the auditory motion aftereffect (aMAE) in the case in which the adapting and the test regions were
separated (Experiment 2, Condition 2). Data are shown for 3 individual subjects, as well as the average over all 3 subjects. Note
that when the distance between the adapting and the test regions increased, the magnitude of the aMAE decreased. The error
bars indicate standard errors in the means of 3–4 separate blocks of trials.
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same spectrum and share the same azimuthal region in
order to obtain a measurable aMAE, suggesting that the
aMAE was frequency and spatially specific.

Since different methods were used to measure the
aMAE in Grantham’s (1998) and our studies, we cannot
directly compare the strengths of the aMAEs observed.
But in general, our results agree with Grantham’s (1998)
findings, in that, with sounds moving in the real world as
stimuli, an aMAE could be elicited by low, middle, or high
frequencies and the magnitude of the effect depended on
the extent of the overlapping spatial region, as well as the
spectral content of the adapting and test stimuli. In addi-
tion, our study extends the Grantham (1998) study by
further investigating the tuning of the aMAE in the fre-
quency and spatial domains. Our results (Figure 10) show
that the aMAE is stronger when adapting stimuli contain
lower frequency sound relative to that contained in the test
stimuli than when the frequency relation between the
adapting and the test stimuli is reversed. These results
suggest that the frequency tuning of the motion-sensitive
channels may spread further to the high end than to the

low end of the frequency spectrum. Our finding that,
across the spatial range tested (from 235º to +35º az-
imuth), the aftereffects are largely invariant with eccen-
tricity is consistent with research on minimum audible
movement angle, which has shown that dynamic acuity
is relatively constant throughout this range of azimuths
(Chandler & Grantham, 1992; Grantham, 1986; Strybel,
Manligas, & Perrott, 1992).

In contrast to the absence of a significant effect of adapt-
ing velocity reported by Grantham (1998), our results
show a clear velocity dependence of the aMAE (Fig-
ures 5 and 6). Grantham (1998) showed that there was a
considerable variability across subjects, to which his
failure to find the velocity effect on the aMAE may be
attributed. Taking into account the features of the virtual
moving sound used by Grantham (1998), intersubject
variation in his results should not be surprising. In his
experiments, sound stimuli delivered to the subject over
headphones were filtered by the KEMAR manikin’s head-
related transfer functions (HRTFs). However, studies have
shown that the dimensions of the head and pinnae can vary

Figure 9. Magnitude of the auditory motion aftereffect (aMAE) as a function of frequency band in the case when the adapt-
ing and the test stimuli had the same spectrum (Experiment 3, Condition 1). Different panels show results for 3 individual sub-
jects, as well as the average over all 3 subjects (lower right panel). Note that the aMAE was slightly larger for low-frequency
sound than for high- and middle-frequency sounds. The middle-frequency stimulus was least efficient in inducing the aMAE.
The error bars indicate standard errors of the means of 3–4 separate blocks of trials.
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considerably among adults. Since these anatomical di-
mensions are roughly comparable with the wavelength
of sounds in the range of human hearing, individual dif-
ferences in anatomical dimensions transform into indi-
vidual differences in potential localization cues (Burkhard
& Sachs, 1975; Middlebrooks & Green, 1990; Shaw &
Teranishi, 1968; Wenzel, Wightman, & Kistler, 1991).
As a result, different individuals have different HRTFs.
Some of the subjects tested in the Grantham (1998) study
might have HRTFs similar to KEMAR’s, whereas others
might have quite distinct HRTFs and their motion detec-
tion pathways might be inadequately stimulated. Most of
these drawbacks are overcome by using real moving
sound as a stimulus. It should be noted, however, that the
sounds produced by our sound stimulus system lack any
significant Doppler shift, which might be a potent cue
for detecting sound source motion in directions that are
not circumferential to the head. Rosenblum, Carello, and
Pastore (1987) showed that listeners could use the Dopp-
ler effect, as well as ITDs and amplitude changes, to lo-

cate a moving sound source, although the Doppler effect
was the least effective of these cues.

Evidence for Hierarchical Organization
for Auditory Motion Processing

A comparison of results from previous studies and the
present study suggests that auditory motion processing
channels respond optimally to a combination of several
cues and that these channels may operate at more than one
stage of analysis. In vision, this kind of psychophysical
model has been proposed for information processing of
motion in depth, in which monocularly driven changing-
size channels and stereoscopic-motion channels, driven
by interactions of signals from the two eyes, feed a motion-
in-depth stage (Regan et al., 1979). In that study, an impres-
sion of motion in depth was generated by either changing
the size of a retinal image or adjusting relative velocities
of the left and right retinal images (stereoscopic-motion
stimulus). Using a selective adaptation procedure, they
demonstrated that there exist changing-size channels and

Figure 10. Frequency specificity of the auditory motion aftereffect (aMAE) for 3 subjects. In the top right, bottom left, and bottom
right panels, the center frequency of the test stimulus is 500, 2000, and 8000 Hz, respectively. In each panel, the legend lists combina-
tions of adapting and test stimuli, where the first figure indicates the center frequency of the adapting stimulus and the second that
of the test stimulus. Note that the aMAE was largest when the adapting and the test stimuli were identical in frequency. When the
adapting and the test stimuli were different in frequency, the magnitude of the aMAE decreased. The larger the difference in frequency,
the weaker the aMAE. In the top left panel, the results for all 3 subjects are summarized. The size of the filled circle represents the
magnitude of the aMAE averaged over all 3 subjects tested in nine combinations of adapting and test stimuli. The numbers next to
the circles show the magnitude of the aftereffect for each combination. Note that the sizes of the circles below the diagonal (lower left
corner to upper right corner) are larger than those above it, showing that the aMAEs for the combinations of 500/2000, 500/8000, and
2000/8000 Hz are stronger than those for the 2000/500-, 8000/500-, and 8000/2000-Hz combinations.
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stereoscopic-motion channels in the visual system. Their
finding that the impression of motion in depth elicited by
changing-size stimuli can be canceled by appropriate
stereoscopic-motion stimuli indicates that changing-size
stimulation and stereoscopic-motion stimulation generate
visual signals that converge on the same motion-in-depth
stage.

Studies of the auditory aftereffects show that although
adaptation to an auditory stimulus providing one cue
(e.g., changing ITD or IID) produced only a loudness or
a displacement aftereffect (Ehrenstein, 1994; Reinhardt-
Rutland, 1992), adaptation to a moving sound containing
two or more cues, including dynamic level, temporal, and
spectral information, did elicit a repeatable aMAE. Thus,
it is reasonable to conceive a similar hierarchical orga-
nization for auditory motion processing (Reinhardt-
Rutland, 1992). That is, channels responsible for perceiv-
ing changes in sound level, spectrum, and temporal cues
precede motion detection channels, and motion detec-
tion channels are fed by outputs from earlier analysis at
these preceding channels. Simulated sound source move-
ment generated by varying only one of these localization
cues is unable to adequately stimulate motion detection
channels and thus fails to elicit an aMAE. However,
more peripheral channels (e.g., changing-level channels)
may be sufficiently stimulated by such stimuli to pro-
duce an aftereffect (e.g., a loudness aftereffect).

Summary
In contrast to previous studies, we observed a robust

and reliable aMAE when real moving sound was used as
the adapting and test stimuli. Within the spatial region
tested (±35º centered on the midline), the aMAE was rel-
atively independent of azimuth. The aMAE was larger
for low-frequency sound than for middle- and high-
frequency sounds, but it could be observed for both low-
and high-frequency stimuli. The aMAE observed was
spatially and frequency specific. These results suggest
that the auditory system contains specialized motion de-
tection channels and that the processing of motion infor-
mation may proceed through a hierarchy of stages.
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NOTES

1. Shortly before this paper was submitted, Grantham (1998) pub-
lished another, independent study of the aMAE. We include discussions
of the results of his recent work in relation to ours in the General Dis-
cussion section of this paper.

2. A control experiment showed that the noise produced by the move-
ment of the robot arm did not provide a direction cue. In this experi-
ment, the loudspeaker was turned off, and the arm moved randomly at
one of eight velocities (1º/sec, 3º/sec, 5º/sec, and 7º/sec, either leftward
or rightward) with one of eight start positions (1º, 3º, 5º, and 7º, either
to the left or the right of the midline). Therefore, there was a total of 64
trials (8 velocities 3 8 start positions) in the test. This test condition is
identical to that used in our adaptation experiments, except for the ab-
sence of any loudspeaker-generated sound. We found that for each test
velocity, the subject’s response was at chance level—that is, the per-
centage of left or right responses was about 50%.

3. This notion gains further support from a neurological study (Grif-
fiths et al., 1996), which described a patient who had a specific deficit
in auditory motion detection, although his ability to localize stationary
sounds was much less impaired. An fMRI examination of this patient

revealed damage in a cortical area that was distinct from the primary au-
ditory cortex, suggesting that moving sound may be processed inde-
pendently from stationary sound.

APPENDIX

The design of the robot arm was governed by the following
requirements: maximum coverage of space, low noise, high
speed and acceleration, high structural resonant modes, safety,
low bulk, and of course, low complexity and cost. The result-
ing design used a five-bar closed-loop spherical mechanism in
which all five joint axes meet at one end point, where the loud-
speaker is located. It is a property of these mechanisms that all
points of their links are constrained to move on the surfaces of
concentric spheres. This means that no part of the mechanism
can penetrate the space in which the subject is located. If the ac-
tuators have coinciding axes, the workspace can cover the en-
tire sphere, except the antipodes. In our system the two actuated
joints were placed 20º apart, thereby approaching the coincid-
ing condition and reducing bulk. The angular design of the
other links was optimized to maximize the region within which
the system preserves high-acceleration capabilities. This allowed
about 63% of the surface of the sphere to be covered. The de-
vice was constructed of aluminum and achieved fairly high
structural resonance despite the long reach. One link, the base
link, was mechanically grounded and supported two actuated
and instrumented joints. The other three joints were free. The
base link was supported by a rigid overhead gantry and was lo-
cated behind and above the subject’s head. It included two
soundproof motion reduction boxes driven by DC motors via
elastomeric belts, with a reduction of about 1:60. This maxi-
mized acceleration capability (roughly proportional to the
square root of the ratio of the mechanism’s inertia to that of the
motors). Computer control of the joint servo motors allowed ar-
bitrary trajectories to be generated within the arm’s workspace.
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