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Localization of moving sound
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The final position of a moving sound source usually appears to be displaced in the direction of motion. We
tested the hypothesis that this phenomenon, termed auditory representational momentum, is already emerging
during, not merely after, the period of motion. For this purpose, we investigated the localization of a moving
sound at different points in time. In a dark anechoic environment, an acoustic target moved along the frontal
horizontal plane. In the initial, middle, or final phase of the motion trajectory, subjects received a tactile stimulus
and determined the current position of the moving target at the moment of the stimulus by performing either
relative-judgment or pointing tasks. Generally, in the initial phase of the auditory motion, the position was
perceived to be displaced in the direction of motion, but this forward displacement disappeared in the further
course of the motion. When the motion stimulus had ceased, however, its final position was again shifted in the
direction of motion. The latter result suggests that representational momentum in spatial hearing is a phenom-
enon specific to the final point of motion. Mental extrapolation of past trajectory information is discussed as a

potential source of this perceptual displacement.

The ability to localize objects in motion is a basic func-
tion of human perception. Up to now, the localization
of moving objects has mostly been studied in the visual
domain, whereas in the auditory domain, research has
predominantly focused on questions of motion detection
and discrimination (e.g., Lutfi & Wang, 1999; Strybel,
Manligas, & Perrott, 1992; for a review, see Gilkey & An-
derson, 1997) and of auditory motion aftereffects (e.g.,
Dong, Swindale, Zakarauskas, Hayward, & Cynader,
2000; Grantham, 1992; Neelon & Jenison, 2003). Only a
few studies have investigated the localization of an acous-
tic object during its motion.

In an initial approach to this question, Perrott and Musi-
cant (1977) presented a sound stimulus that rotated coun-
terclockwise around the subject’s head. Using a numerical
scale, their subjects estimated the horizontal position of
the sound source at the moment when the sound started
(i.e., its onset position) and the moment when it ceased
(i.e., its offset position). In the results, both the apparent
onset and offset positions were mainly displaced in the
direction of motion. The magnitude of onset displacement
increased with the velocity of the sound source (between
90°/sec and 600°/sec), whereas the offset displacement did
not follow a simple rule: In general, offset positions were
less displaced than onset positions with shorter sound du-
rations (50 and 100 msec), but more displaced with longer
sound durations (150 and 300 msec).

In two recent studies, systematic mislocalizations of the
onset and offset positions of moving sounds were found
also with much lower target velocities than those used
by Perrott and Musicant (1977). In both of these recent
studies, subjects were presented with an acoustic target
that moved from left to right or from right to left along
the frontal horizontal plane, covering a distance of 36° or
40°, in a completely dark and anechoic environment. In
Getzmann, Lewald, and Guski (2004), subjects pointed to
the final position of targets moving at a constant velocity
of 8%sec or 16%sec. In Getzmann (2005b), relative judg-
ments were used to determine the perceived onset position
of targets moving at 12°/sec. As in Perrott and Musicant’s
study, both onset and offset positions were displaced in
the direction of motion. These displacements have been
related to analogous effects in the visual modality: the
Frohlich effect and representational momentum.

The Frohlich effect (Frohlich, 1923) is a systematic mis-
localization of the onset position of a moving visual object,
typically a displacement in the direction of motion (see,
e.g., Miisseler & Aschersleben, 1998; Miisseler, Stork, &
Kerzel, 2002). Several explanations have been proposed
that may account for this effect. Attention-based approaches
assume, for example, that the initial position of motion re-
ceives less attention. Given that attention is a necessary pre-
requisite for conscious processing of spatial information,
the first part of the trajectory is missed, and the perceived
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onset position appears to be shifted in the direction of mo-
tion (Miisseler & Aschersleben, 1998). In a similar way,
an auditory spatial attention mechanism could explain the
Frohlich effect in spatial hearing (Getzmann, 2005b).

The representational momentum becomes evident
when observers are asked to determine the final position
of an object presented in motion (Freyd & Finke, 1984; for
reviews, see Hubbard, 2005; Thornton & Hubbard, 2002).
Typically, observers misjudge the position as having been
farther along the implied motion trajectory. This effect
has been termed representational momentum because of
an analogy between physical momentum and a dynamic
aspect of the mental representation of target position
(Freyd, 1987). The source of this forward displacement is
still under debate: Numerous studies on visual represen-
tational momentum have revealed that displacements are
not solely based on principles of internalized dynamics
(i.e., the idea that the mental extrapolation of motion is
analogous to the physical momentum of real-world ob-
jects), but instead reflect a wide range of influences from
characteristics of the target, display, context, and observer
(e.g., Hubbard, 2006; Kerzel, 2005). Recent findings have
demonstrated that eye movements do not contribute to the
displacement effect in spatial hearing (Getzmann, 2005a;
but see Kerzel, 2006). Instead, it was hypothesized that the
auditory motion initiates a neural process that results in a
shift of the representation of auditory space in the direc-
tion of motion. This approach is supported by neurophys-
iological findings in animal studies providing evidence
that sound motion can induce shifts of receptive fields
in spatially selective auditory neurons (Malone, Scott, &
Semple, 2002; Wilson & O’Neill, 1998).

To clarify the nature of representational momentum in
spatial hearing, it is relevant to know when the induced
shift in the representation of auditory location arises. On
the one hand, the displacement does not manifest itself
before the end of motion. The localization of a moving
target may be precise as long as the target exists, whereas
displacements of the final position may occur after the
target has disappeared. On the other hand, the shift could
already be emerging during motion. That is, the spatial
representation of the moving target could be distorted,
even though the target is still present. If so, the displace-
ment could increase during the course of motion or, alter-
natively, a constant forward displacement could exist from
the beginning until the end of motion.

In this context, a study of Joordens, Spalek, Razmy, and
van Duijn (2004) on visual representational momentum
might be of interest: In a clock-watching task, observers
were presented with a dot moving in clockwise direction.
During the motion, the background color of the display
changed. After disappearance of the target, the observ-
ers localized the position where the target dot was when
the display changed color. Interestingly, a slight, nonsig-
nificant backward displacement of the target position
was found, but no forward displacement (Experiment 1).
However, a significant forward displacement occurred
when observers localized the final target position (Ex-
periment 3). Thus, one may conclude that forward dis-
placements associated with representational momentum

occur at the end of motion—that is, after the target has
ceased. Alternatively, as proposed by Joordens et al., goal-
oriented controlled processes may be active during motion
that partly compensate for forward displacements.

In a study on localization of moving sound, Mateeff and
Hohnsbein (1988) found a divergent pattern of displace-
ment: Subjects localized a sound source that moved at
15.2 cm/sec (about 15°sec) over a horizontal path 60 cm
in length. The source was positioned at a distance of 57 cm
in front of the subject. Subjects localized the acoustic tar-
get at different points in time with reference to stationary
visual stimuli. In general, the target was mislocalized in
the direction of motion, and most importantly, this for-
ward displacement increased in the course of motion: At
the starting point of motion, there was a slight shift of the
perceived target position in the direction opposite to mo-
tion, whereas at the final point there was a displacement in
the direction of motion of up to 10°. Thus, it seems that the
forward displacement of the final position observed after
the target’s disappearance already exists during motion
and increases with the motion duration.

However, the method employed by Mateeff and Hohns-
bein (1988) involved visual factors in addition to auditory
ones, in that subjects judged the current position of the
target relative to a visual reference that was visible dur-
ing the sound presentation. An increase in the luminance
of the visual reference indicated the point in time when
the target position had to be judged. Thus, it is possible
that auditory—visual crossmodal interactions, in particu-
lar a visual bias of the sound localization (the so-called
ventriloquism effect), were superimposed over potential
genuine auditory effects (see, e.g., Lewald, Ehrenstein, &
Guski, 2001; Lewald & Guski, 2003; Shelton & Searle,
1980; Warren, 1970). Another critical factor in Mateeff
and Hohnsbein’s study is the potential influence of differ-
ent perceptual latencies of the auditory event (the mov-
ing acoustic target) and the visual event (the increase in
luminance of the visual reference). It is well known that
the neural processing of visual information is delayed in
comparison with that of auditory information (see, e.g.,
King & Palmer, 1985). Thus, the observed mislocalization
could be, at least in part, due to this visual delay.

In the present study, two different psychophysical meth-
ods were employed to investigate the influence of motion
on the perceived position of an acoustic target. Subjects
heard a sound that moved at a moderate velocity (12°sec)
either from left to right or from right to left along the fron-
tal horizontal plane. During motion, the subjects received
a short tactile stimulus that, unlike the visual stimulus
used by Mateeff and Hohnsbein (1988), did not provide
any relevant spatial information. In Experiment 1A, rela-
tive judgments were made with respect to the perceived
position of the target at the moment of tactile stimulation;
subjects were asked to compare the current target posi-
tion with a stationary visual reference provided before and
during the auditory motion. In Experiment 1B, a pointing
method was employed in absolute darkness. As was done
in our previous studies (Getzmann, 2005a; Getzmann
et al., 2004), subjects directed a hand pointer toward the
target position at the moment of tactile stimulation.
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EXPERIMENT 1

Method

Subjects. Twelve subjects participated in the experiment. All of
them (6 female, 6 male; age range 20-30 years, mean 24.4 years)
had normal hearing and normal or corrected-to-normal vision. They
were unaware of the scientific background of the study. One session
(lasting 2 h, including rest breaks) was conducted with each subject.
Prior to their inclusion in the study, all subjects gave informed con-
sent. The experiments reported in this study were noninvasive and
were performed in accordance with the ethical standards laid down
in the 1964 Declaration of Helsinki.

Apparatus and Stimuli. The subject sat on a chair in an abso-
lutely dark, soundproof, and anechoic room (4.4 m wide X 5.4 m
long X 2.1 m high), which was insulated by 40 cm (height) X 40 cm
(depth) X 15 cm (width at base) fiberglass wedges on each of the
six sides. A suspended mat of steel wires served as the floor. The
ambient background noise level was below 20 dB(A) sound pres-
sure level. The position of each subject’s head was stabilized by a
custom-made chin and forehead rest. In front of the subject, at a
constant distance of 1.5 m from the center of the head, 91 broadband
loudspeakers (Visaton SC 5.9, 5 X 9 cm) were mounted in the sub-
ject’s horizontal plane. The azimuth of the loudspeakers ranged from
—90° (left) to +90° (right) in steps of 2°, with the center loudspeaker
at 0°. All loudspeakers were selected on the basis of comparable ef-
ficiency and frequency response curves.

The target sound was generated digitally and converted to ana-
log form via a PC-controlled, 16-bit soundcard (Creative Sound
Blaster 16) at a sampling rate of 44.1 kHz. Sound pressure level was
66 dB(A), as measured at the subject’s head position using a Briiel
and Kjear sound level meter (Type 2226). The target sound consisted
of 50-msec noise bursts (band-pass-filtered noise; lower and upper
cutoff frequencies of 1 and 3 kHz, respectively). Apparent auditory
motion was generated by successively activating one loudspeaker
after the other along the horizontal loudspeaker arrangement (see the
Procedure section below). Three white light-emitting diodes (LEDs;
7 mcd, 3 mm) served as visual reference stimuli in Experiment 1A.
The LEDs, which did not illuminate the surrounding loudspeakers,
were attached below the loudspeakers at —20°, 0°, and 20° relative
to straight ahead. In Experiment 1B, a hand pointer was mounted in
front of the subject. This swivel pointer consisted of a metal rod that
the subject could rotate in the horizontal plane. A key was mounted
on the upper side of the rod. The azimuthal angle of the pointer was
recorded by a potentiometer as soon as the key was pressed (for fur-
ther details, see Lewald, Dorrscheidt, & Ehrenstein, 2000).

Tactile stimulation was produced electromagnetically by a
custom-made pressure transducer. This device consisted of a small
box (3 cm wide X 7 cm long X 4 cm high) that was attached to a
subject’s left or right forearm by means of an elastic belt. Within
the box, a small electromagnet operated an outward pin (diameter
1 mm) that, when activated, slightly hit the subject’s arm (amplitude
1 mm, duration 5 msec). The mechanism was acoustically insulated
to avoid any operation noise that could be used as additional audi-
tory information. In order to compensate for a potential localization
bias that might be induced by lateral tactile stimulation, half of the
subjects received the tactile stimulus on the left arm and half on the
right arm. The timing of the stimuli and the recording of the subject’s
responses were controlled by custom-written software.

Procedure in Experiment 1A: Relative judgments. Each ses-
sion consisted of three main blocks. In the first block, subjects were
asked to determine the position of the moving acoustic target with
reference to the visual stimulus at the moment of tactile stimula-
tion (Figure 1A). Each trial started with the onset of a single visual
reference stimulus (illuminated LED, duration 7.8 sec). The posi-
tions of the visual stimulus (—20°, 0°, or 20°) did not vary randomly,
but were presented block by block, with the order of presentation
counterbalanced between subjects. One second after the onset of the
LED, the target sound started and immediately began to move at a
constant velocity (12°sec) from left to right (LR) or from right to
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Figure 1. Schematic illustration of the trajectories of left-to-
right (dotted arrows) and right-to-left (solid arrows) motion. Posi-
tive positions are to the right and negative positions to the left of
the subject’s median plane. (A) In Experiment 1A, subjects judged
the current position of the moving acoustic target at the moment
they received a tactile stimulus with reference to a visual stimu-
lus presented at —20°, 0°, or 20° (reference LEDs). Actual target
positions at the moment of tactile stimulation are marked (filled
circles). (B) In Experiment 1B, subjects pointed at the current po-
sition of the target at the moment of tactile stimulation by using a
hand pointer. Actual target positions are marked (filled circles).

left (RL), covering a distance of 80°.! The auditory onset position
was —40° with LR motion and 40° with RL motion. While the audi-
tory target moved, a short tactile stimulus (see above) was presented.
Using a two-alternative forced choice paradigm, the subjects had to
indicate whether the position of the auditory target at the moment of
tactile stimulation was to the left or the right of the visual reference:
They had to press the left key of a response box when the sound was
to the left of the visual stimulus, and the right key when the sound
was to the right of the visual stimulus. The tactile stimulation was
exactly timed so that the distance between the current position of
the auditory target and the visual reference was either £8°, =4°,
+2° or 0°. For example, when the visual stimulus was located at
—20°, the current position of the auditory target at the moment of
tactile stimulation was —28°, —24°, —22° —20°, —18°, —16°, or
—12° (see the filled circles in Figure 1A). At the end of the auditory
motion (duration 6.8 sec), the visual stimulus and the sound ended
simultaneously; 2.2 sec later, the next trial started. Six LR- and six
RL-motion stimuli per condition were presented in quasirandom
order, resulting in a total of 252 trials (2 motion directions X 3 visual
reference positions X 7 target sound positions X 6 replications).

In the second block of the experiment, potential differences in
the perceptual latencies of the auditory and the tactile stimulation
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were measured by employing temporal order judgments. A single,
50-msec noise burst was presented straight ahead of subjects. In
addition, a 5-msec tactile stimulus was presented either shortly be-
fore or after the noise burst. The stimulus onset asynchrony (SOA)
was =120, =90, =60, =30 or 0 msec. Each SOA was randomly
presented seven times. The duration of each trial was 2.2 sec. In a
two-alternative forced choice task, subjects indicated whether the
acoustic stimulus started before or after the tactile stimulus.

In the third block, stationary acoustic targets were presented, in
order to control for a potential response bias in sound localization.
As in the first block, each trial started with the onset of a single visual
reference, located at —20°, 0°, or 20°. One second after the start of the
visual reference (duration 4 sec), a stationary acoustic target (3-sec
noise burst) was presented at one of the positions where the moving
acoustic target in the first block was located at the moment of tactile
stimulation. For example, with the visual reference located at —20°, the
stationary acoustic target was presented at —28°, —24°, —22°, —20°,
—18°, —16° or —12°. By pressing one of the response keys, subjects
indicated whether the target sound was to the left or the right of the
visual reference. One second after the end of the visual reference, the
next trial started. The third block consisted of a total of 126 trials (3 vi-
sual reference positions X 7 target sound positions X 6 replications).

No feedback was given at any time during the experiment. Trials
in which the subject failed to respond were repeated at the end of
the block.

Procedure in Experiment 1B: Pointing. Experiment 1B was
conducted with the same subjects on a different day within 1 week
after Experiment 1A. The procedure was as in Experiment 1A, ex-
cept that the position of the moving acoustic target was localized by
a manual pointing operation (Figure 1B). Each trial started with the
onset of the target sound, which immediately began to move in an
LR or RL direction. During the motion (duration 6.8 sec), a tactile
stimulus was presented as in Experiment 1A. The location of the
auditory target at the moment of tactile stimulation was —20°, 0°,
or 20°. Immediately after the tactile stimulation, the subject directed

the hand pointer as accurately as possible toward the target position.
The next trial started 3.2 sec after motion offset, and each trial lasted
for 10 sec. As in Experiment 1A, additional “stationary” trials were
presented at the end of the session, in which the subjects pointed
to target sounds (duration 6.8 sec) that were statically presented at
—20°, 0°, or 20°. Six stimuli per condition were presented in quasi-
random order, resulting in a total of 54 trials (3 target positions X 3
motion conditions [LR, RL, stationary] X 6 replications).

Results

Experiment 1A: Relative judgments. For calculat-
ing shifts in perceived target positions, a nonlinear regres-
sion analysis was used (Cox, 1970). The percentage of
“right” judgments was determined as a function of the
angle between the acoustic target position and the visual
reference stimulus. The percentages from each subject
were then fitted to the sigmoid equation f'= 100/[1 +
e~kx=x)], where fis the frequency of “right” judgments,
x is the angle of the target position relative to the visual
reference, k is the slope of the psychometric function,
and x, is the bias coefficient (i.e., the angle at which f'is
50%). As illustrated in Figure 2, the fitted curves appear
sigmoidal in linear plots of percentage of “right” judg-
ments versus the relative angle between target position
and visual reference. This figure shows the percentage of
“right” judgments and the fitted psychometric functions
for the central position of the visual reference. As can be
seen, the psychometric function obtained with RL-motion
targets was shifted to the right, whereas those obtained
with LR motion and—to a lesser degree—with stationary
targets were shifted to the left.

Visual Reference Position 0°

100%

——@—— LR motion
O-ooee Stationary
—--v-—- RL motion

75% - —————————————————

“Right” Judgments

25% +————————-—

50% +————————————————

0 2° 4 6 8 10°

Distance, Target Sound - Visual Reference

Figure 2. Percentage of “right” judgments in Experiment 1A as a
function of the angle of the acoustic target position relative to the visual
reference stimulus, shown exemplarily for the central reference position.
Positive angles indicate that the current target position (i.e., at the mo-
ment of tactile stimulation) was on the right of the visual reference stim-
ulus, and vice versa for negative angles. Each data point indicates the
percentage of decisions in which the target was perceived to the right of
the reference. The acoustic target moved in either the left-to-right (LR)
or right-to-left (RL) direction; alternatively, the target was presented
statically. The data represent the mean values (+SE) of 12 subjects. Sig-
moids illustrate the fitted curves for each condition.
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The bias coefficient x, resulting from the fit is an indi-
cator of shifts of the psychometric function, thus providing
ameasure of perceptual displacement: An x(of 0 indicates
veridical judgments; if x is positive (or negative)—that
is, if the psychometric function is shifted to the right (or
lefty—subjects more frequently judged the target position
to be to the left (right) of the visual reference. From the
bias coefficient of the psychometric function, the shift of
the perceived target position was calculated for each sub-
ject and each motion condition. In order to cancel any bias
in stationary sound localization, displacements were cor-
rected by subtracting the shifts measured with stationary
targets from those measured with moving targets. Finally,
forward displacements were calculated by taking the cor-
rected displacements as positive when the target position
was shifted in the direction of motion, and negative when
shifted in the direction opposite motion.

Differences in perceptual latencies were calculated in a
corresponding way: The percentage of “acoustic stimulus
before tactile stimulus” judgments was determined as a
function of the SOA of the acoustic and tactile stimuli
and was fitted to a sigmoid equation. The resulting bias
coefficient x, was defined as a measure of the difference
in perceptual latencies. This latency value was taken as
positive when the acoustic stimulus was perceived before
the tactile one, and vice versa. A positive latency value
would thus cause a constant shift of the perceived position
of the moving acoustic target in the direction of motion:
That is, although actually presented at the same position,
the acoustic target was judged to have already passed the
visual reference stimulus when the tactile stimulation was
perceived.

The analysis of these temporal order judgments revealed
only a slight difference in audio—tactile latencies (mean
+1.9 msec, SE +7.6 msec). The mean angular shift com-
puted from the crossmodal latency difference (i.e., target
velocity [12%sec] X latency value [1.9 msec]) was 0.02°
(SE £0.09°). Similarly, the angular shift for each subject
was computed by multiplying the individual latency dif-
ference by the target velocity. Individual values were then
used to correct the forward displacement for each subject
by subtracting the angular shift due to the latency differ-
ence from the forward displacements.

Displacements obtained with relative judgments are
shown in Figure 3A. With LR motion, there was an initial
backward displacement (i.e., opposite to motion) when
the target passed the left reference position (—20°). This
turned into a forward displacement in the final phase of
motion, when the target passed the right reference position
(20°). With RL motion, a forward displacement occurred
in the middle phase of motion (when the target passed the
central reference position, 0°) and increased in the final
phase of motion. As confirmed by ¢ tests, only (forward)
displacements in the final phase of motion statistically dif-
fered significantly from zero [LR motion and right refer-
ence, #(11) = 2.46, p < .05; RL motion and left reference,
t(11) = 5.70, p < .001], whereas displacements in the
middle [LR motion and central reference, #(11) = 0.24,
p > .05; RL motion and central reference, #(11) = 1.91,
p > .05] and in the first phases of motion [LR motion and
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Figure 3. Mean localization displacements in Experiment 1 as a
function of the target position relative to the median plane and the
direction of motion, shown separately for relative judgments (A)
and pointing (B). Displacements were calculated by subtracting
differences obtained in the stationary conditions from those in
the motion conditions. Positive angles represent displacements in
the same direction as the motion (forward displacements). Error
bars are SEs across subjects (V= 12). LR, left to right; RL, right
to left.

left reference, #(11) = 1.85, p > .05; RL motion and right
reference, #(11) = 0.05, p > .05] remained nonsignificant.
Repeated measures ANOVAS revealed main effects of po-
sition on displacement with both LR [F(2,22) = 12.62,
p <.01]and RL [F(2,22) = 5.10, p < .05] motions.
Figure 4A shows the mean forward displacements, av-
eraged across LR and RL motions. The plot indicates a
slight backward displacement at the moment when the
target has covered the first 20° of the motion trajectory.
After 40° of motion (i.c., in the median plane), this pat-
tern turned into a slight forward displacement, which
further increased after 60° of motion. However, only the
final displacement differed significantly from zero [3.5°,
SE +0.8°% t(11) = 4.54, p < .05], whereas the middle
[1.2°, SE =1.0%t(11) = 1.22, p > .05] and initial [—1.0°,
SE *£0.7° t(11) = 1.42, p > .05] displacements did not.
An ANOVA indicated a main effect of phase of motion
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Figure 4. Forward displacements of the target position as a function of the phase
of motion trajectory, shown separately for Experiments 1 (A, B), 2 (C, D), and 3 (E).
The initial phase of the motion trajectory refers to the moment when the target has
passed the first 20° of the motion trajectory; the middle phase refers to the center of
the motion trajectory; and the final phase refers to the moment when the target was
20° before its final position (see Figure 1). The data are averaged across motion direc-
tions, and error bars are SEs across subjects (for panels A and B, N = 12; for panels

C,D,and E, N = 11).

[F(2,22) = 14.51, p <.001]. Also, post hoc ¢ tests showed
that forward displacements at the initial, middle, and final
phases of motion differed significantly (p < .05).
Experiment 1B: Pointing. Differences between the
pointing azimuth and the actual target position at the mo-
ment of tactile stimulation were measured for each target
position. Also, differences between the actual position of
the stationary targets and the pointing azimuth were mea-
sured. To compensate for a potential response bias in sound
localization, differences with stationary targets were sub-
tracted from those with moving targets (separated for LR
and RL motions). Positive displacements were in the di-
rection of motion and negative ones opposite the direction
of motion. Furthermore, effects of audio—tactile latency

differences were compensated for by subtracting shifts due
to different perceptual latencies from the forward displace-
ments, as described for Experiment 1A (see above).
Displacements observed with the pointing operation are
shown in Figure 3B. With LR motion, there were nonsig-
nificant tendencies for a forward displacement at the left
reference position and a backward displacement at the right
and central reference positions [difference from zero: left,
t(11) = 1.34; central, #(11) = 0.38; right, #(11) = 1.96;
all ps > .05]. However, a significant effect of position, re-
vealed by an ANOVA [F(2,22) = 3.79, p < .05], suggested
an increase in backward displacement in the course of the
motion. With RL motion, a significant forward displace-
ment was observed at the right reference position [#(11) =
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3.78, p < .05], whereas displacements at the central and
left reference positions did not differ from zero [#(11) =
0.01;#(11) = 0.58; both ps > .05]. There was a nonsignifi-
cant trend toward a decrease in forward displacement over
the course of motion [F(2,22) = 2.94, p < .1].

Averaged across motion directions, there was a forward
displacement after 20° of motion that decreased in the
course of motion, resulting in virtually no displacement
after 40° and a slight backward displacement after 60° of
motion (Figure 4B). Only the initial displacement differed
from zero [2.7°, SE £0.9% #(11) = 2.93, p <.05], whereas
middle [—0.2° SE £0.7°% #(11) = 0.32, p > .05] and final
[—0.4° SE =1.2; t(11) = 0.33, p > .05] displacements
did not. An ANOVA revealed an effect of phase of motion
[F(2,22) = 4.33, p < .05; Greenhouse—Geisser corrected
values]. Post hoc ¢ tests showed that the initial displace-
ment differed from that in the middle phase of motion
(p < .05), but not from that in the final phase of motion.

A comparison of the results of Experiments 1A and 1B
revealed strictly opposite patterns of displacement, with
increasing forward displacement with motion duration for
relative judgments and decreasing forward displacement
for the pointing task. This was confirmed by a three-factor
repeated measures ANOVA, indicating a threefold inter-
action [F(2,22) = 13.12, p < .001] between psychophysi-
cal method (relative judgment, pointing), motion direction
(LR, RL), and target position (left, central, right).

Discussion

The results obtained with relative judgments (Experi-
ment 1A) suggest that a moving sound source is localized
with a forward displacement of its current position that in-
creases in the course of the motion. This finding replicates
that of Mateeff and Hohnsbein (1988, Experiment 1), who
investigated the localization of an acoustic target moving
in an LR direction at different points in time using relative
judgments. They found a backward displacement (i.e., a
shift opposite the direction of motion) of about —4° at
the beginning of motion and a forward displacement of
up to 12.5° (with reference to stationary acoustic targets)
that emerged in the middle phase of motion and increased
at its end. Although the amplitudes of the displacements
obtained in the present study were smaller, this overall
pattern was similar to that of Mateeff and Hohnsbein.

Surprisingly, the results obtained with the pointing
task (Experiment 1B) were quite different: An initial for-
ward displacement, measured in the first phase of mo-
tion, turned into a slight backward displacement in the
final phase of motion. How can these conflicting results
be explained? At first, one could assume that the differ-
ences resulted from the two types of localization tasks
used, which could be labeled as cognitive and sensorimo-
tor tasks (Paillard, 1987): The relative judgments were
based on a cognitive process of comparing the current po-
sitions of the acoustic target and the visual reference. On
the other hand, pointing to the position of an acoustic tar-
get, which comprises motor planning and execution, may
rather represent a sensorimotor measure of localization.
Assuming that sensorimotor and cognitive measures are
based on distinct spatial representations of auditory space

(as has been demonstrated for the visual system by, e.g.,
Goodale & Milner, 1992), the divergent results of point-
ing and relative judgment could be explained by different
processing of dynamic information. Along similar lines,
effects of the measuring method of localization on visual
representational momentum have been explained (Kerzel,
2003b; Kerzel & Gegenfurtner, 2003). It should be noted,
however, that in these studies forward displacement of the
final target position was found with pointing responses
rather than with relative judgments, whereas in the present
study an increase of forward displacement was found with
relative judgments rather than with pointing.

The most important difference between Experiments 1 A
and 1B might be that in the latter experiment the acoustic
target moved in total darkness, whereas in Experiment 1A
a visual stimulus was present during motion. A crossmo-
dal spatial interaction of visual and acoustic stimuli could
have occurred, resulting in a visual bias of sound local-
ization (see, e.g., Lewald et al., 2001; Lewald & Guski,
2003; Shelton & Searle, 1980; Warren, 1970). Moreover,
the visual stimulus could have cued the spatial position
where the acoustic target would have been located at the
moment of tactile stimulation. For example, with the vi-
sual stimulus presented at the central reference position,
the subject could expect the tactile stimulus to be applied
at the midpoint of the motion trajectory even before the
acoustic target started. In contrast to that situation, with
the pointing operation of Experiment 1B, the subjects did
not have any clue about the potential target position prior
to the tactile stimulation. Because these methodological
factors may account for the difference in localization dis-
placements found in Experiments 1A and 1B, a second
experiment was conducted that allowed for a further com-
parative analysis of relative judgment and pointing.

EXPERIMENT 2

Experiment 2A was the same as Experiment 1A, with
one major difference: The acoustic target was presented
in total darkness, and the visual reference appeared only
after the end of motion. Experiment 2B comprised a
pointing task in total darkness, as in Experiment 1B. We
hypothesized that the contrasting patterns of displacement
observed in the two parts of Experiment 1 were due to the
presence of the visual reference during motion in Experi-
ment 1A. If this was true, such a discrepancy should not
occur between Experiments 2A and 2B.

Method

Subjects. Eleven female subjects (age range 19-39 years, mean
24.2 years) participated in this experiment. All had normal hearing
and normal or corrected-to-normal vision. They were unaware of the
scientific background of the study and gave their informed consent
prior to inclusion in the study.

Procedure in Experiment 2A: Relative judgments. The appa-
ratus and stimuli were as in Experiment 1A, except for the procedure
in the first block, in which subjects judged the current positions of
motion stimuli: Each trial started with the onset of the acoustic mo-
tion in the LR or RL direction. During motion (duration 6.8 sec),
a tactile stimulus like the one employed in Experiment 1 was pre-
sented. With a delay of 0.6 sec after the end of motion, the visual
reference (duration 8.7 sec) was presented at the left (—20°), central



(0°), or right (20°) position, which was randomly varied. The sub-
jects estimated the target position at the moment of tactile stimula-
tion, and the next trial started 2.1 sec after a subject’s response or—if
the subject did not respond—at the end of the visual stimulus. The
distances between the current target position and the visual refer-
ence were =12°, £8° *+4° or 0°. To prevent a potential effect of
lateral tactile stimulation, for each subject the position of the pres-
sure transducer was changed between the left and right arms after
half of the trials.

Procedure in Experiment 2B: Pointing. Experiment 2B was
conducted after Experiment 2A, with a short break (about 20 min)
between the experiments. It was conducted as Experiment 1B had
been, except that each trial lasted for 12 sec and 8 trials were con-
ducted per condition (total of 72 trials; 3 target positions X 3 motion
conditions [LR, RL, stationary] X 8 replications). These modifica-
tions were intended to improve the accuracy of sound localization.

As in Experiment 1A, audio—tactile differences in perceptual
latencies were determined by a temporal order task (see above),
which revealed only slight differences (mean value +3.6 msec, SE
+5.5 msec). Nevertheless, the forward displacements were cor-
rected for the shift of target position due to different perceptual la-
tencies (0.04°, SE =0.07°).

Results

Experiment 2A: Relative judgments. Figure 5A
shows the displacements obtained with relative judg-
ments. When the target moved in the LR direction, there
was a forward displacement at the left reference position
and a backward displacement at the right reference po-
sition. Similarly, with RL motion, the displacement was
forward at the right reference position and backward at
the left and central reference positions. Only displace-
ments in the first phase of motion differed statistically
from zero [LR motion and left reference, #(10) = 2.66,
p <.05; RL motion and right reference, #(10) = 2.33,p <
.05], whereas displacements in the middle [LR motion and
central reference, #(10) = 0.07, p > .05; RL motion and
central reference, #(10) = 0.95, p > .05] and final [LR
motion and right reference, #(10) = 0.94, p > .05; RL mo-
tion and left reference, #(10) = 1.95, p > .05] phases of
motion did not. The effect of position was confirmed by
ANOVAs for both motion directions [LR, F(2,20) = 4.57,
p <.05;RL, F(2,20) = 5.41, p < .05].

Averaged across motion directions, there was an ini-
tial forward displacement that turned into a backward
displacement in the final phase of motion (Figure 4C).
However, only the initial displacement differed signifi-
cantly from zero [4.9°, SE =1.9% #(10) = 2.64, p < .05],
whereas the middle displacement [—0.8°, SE *=1.3°;
t(10) = 0.57, p > .05] and the final displacement [ —3.4°,
SE *£2.2°% t(10) = 1.55, p > .05] did not. An ANOVA in-
dicated a main effect of phase of motion [F(2,20) = 5.63,
p < .05; Greenhouse—Geisser corrected value]. Also,
post hoc ¢ tests showed that the initial forward displace-
ments differed from the displacements at the middle and
final phases of motion (p < .05).

Experiment 2B: Pointing. As is shown in Figure 5B,
LR motion induced a general forward displacement that
decreased in the course of motion. Only the forward dis-
placement at the left reference position was significantly
different from zero [#(10) = 3.02, p < .05], whereas
those at the central and right reference positions were not
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Figure 5. Mean localization displacements in Experiment 2 as
a function of the target position and direction of motion, shown
separately for relative judgments (A) and pointing (B). Displace-
ments were calculated by subtracting differences obtained in the
stationary conditions from those in the motion conditions. Nota-
tion conventions are as in Figure 3, and error bars are SEs across
subjects (V= 11). LR, left to right; RL, right to left.

[#(10) = 1.83;#(10) = 1.39; both ps > .05]. With RL mo-
tion, only slight displacements occurred (forward in the
first phase and backward in the middle and final phases
of motion) that did not differ significantly from zero [left,
t(10) = 0.90; central, #(10) = 0.28; right, #(10) = 1.33; all
ps > .05]. The effect of position on forward displacement
was nonsignificant with LR [F(2,20) = 1.85, p > .1] as
well as with RL [F(2,20) = 2.26, p > .1] motion.
Averaged across motion directions, the results indicate
an initial forward displacement that slightly decreased
over the middle and final phases of motion (Figure 4D).
Whereas the initial displacement was different from zero
[3.5°, SE =1.4%¢(10) = 1.34, p < .05], those at the middle
[1.1°, SE =1.1% #(10) = 0.98, p > .5] and final [0.4°, SE
+1.3% #(10) = 0.30, p > .05] phases of motion were not.
An ANOVA did not indicate an effect of phase of motion
[F(2,20) = 2.73, p > .05; Greenhouse—Geisser corrected
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value]. However, post hoc ¢ tests showed that the initial
forward displacements differed from the displacement in
the middle (p < .05), but not from that in the final phase
of motion.

A comparison of the results of Experiments 2A and
2B revealed that the general patterns of displacement
were similar. Accordingly, a three-factor repeated mea-
sures ANOVA indicated an interaction of motion direc-
tion and target position [F(2,20) = 7.24, p < .05] and a
main effect of target position [F(2,20) = 5.89, p < .05].
The ANOVA did not indicate any effect of psychophysi-
cal method on displacements, nor any interaction of psy-
chophysical method, motion direction, and target position
[F(2,20) = 1.46, p > .05]. A difference in displacements
was obtained merely in the final phase of motion [#(10) =
2.38, p < .05]: Averaged across motion directions, there
was no displacement with pointing, but a slight backward
displacement with relative judgments.

Discussion

In contrast to Experiment 1, the overall patterns of dis-
placement here did not differ between the psychophysi-
cal methods employed. With both the relative-judgment
and pointing tasks, a forward displacement occurred in the
first phase of motion that decreased in the further course of
motion: Either it turned into a (nonsignificant) backward
displacement (Experiment 2A) or it disappeared (Experi-
ment 2B). The results of both of these experiments largely
resemble those of Experiment 1B. Thus, the converse pat-
terns of displacement observed in Experiments 1A and 1B
may have primarily resulted from the presence of the visual
stimulus during motion in Experiment 1 A. This presence
might have induced a visual bias of sound localization or
acted as a frame of reference or cue to the target position
that was not available in Experiments 1B and 2. Without
any visual reference during motion, the position of the
moving acoustic target seems to have been displaced in
the direction of motion only in the initial phase of motion.

One cannot completely exclude that some effect of the
retention interval occurred in Experiment 2A, in which
the visual reference was always presented 600 msec after
the end of the acoustic target. Thus, the earlier the phase
of the target trajectory, the more time elapsed up to the
listener’s response. As demonstrated by Freyd and John-
son (1987), forward displacements of the final position
of a visual target declined with increasing retention in-
terval, and even turned into a backward shift with very
long retention intervals. This finding was attributed to two
superimposing effects: (1) representational momentum
operating immediately after perception of the inducing
stimulus (causing forward displacements) and (2) “mem-
ory averaging” processes dominating after some time has
elapsed. In this context, memory averaging means that
all positions of the target on the motion trajectory before
its ceasing are combined in memory, thus inducing an
apparent shift of the remembered final position toward
earlier points in time—that is, a spatial backward shift
along the perceived motion trajectory. Assuming that this
holds true also for acoustic targets, the pattern of displace-
ments in Experiment 2A could be explained by assuming

memory averaging of those parts of the motion trajectory
that followed (or preceded) the position to be localized:
With localization in the initial phase of motion, memory
averaging of the subsequent trajectory may induce a for-
ward shift; with localization in the final phase of motion,
memory averaging may induce a backward shift. On the
one hand, a possible interaction of the effect of retention
duration and auditory representational momentum with
relative-judgment tasks is thus an important issue that has
to be addressed in future studies. On the other hand, it has
to be emphasized that the retention interval did not play
any role in the pointing task, since subjects localized the
target immediately after the tactile stimulation.

EXPERIMENT 3

Results obtained with the pointing task suggest that the
forward displacement of the final position of a moving
acoustic target, which has been termed representational
momentum in spatial hearing (Getzmann, 2005a; Getz-
mann et al., 2004), does not emerge until the target has
ceased. To test this hypothesis, a third experiment was
conducted that concentrated on the localization of the final
point of motion. Employing the pointing operation used
in Experiments 1B and 2B, the localization of a moving
acoustic target was investigated at three different points in
time: (1) shortly before the motion ceased, (2) at the mo-
ment of cessation, and (3) after cessation of the motion.
On the basis of Experiments 1 and 2, it was expected that
a forward displacement would occur exclusively after the
cessation of the motion.

Method

Subjects. Eleven subjects with normal hearing (3 female, 8 male;
age range 20-26 years, mean 23.6 years) participated in the experi-
ment. All were unaware of the scientific background of the study and
gave their informed consent prior to inclusion.

Procedure. The apparatus, sound stimuli, and pointing task
were as in Experiments 1B and 2B. Each session consisted of three
blocks. In the first block, subjects localized targets that moved along
four different motion trajectories: LR motion that started at —42°
and ended at either 10° or 20°, or RL motion that started at 42° and
ended at either —10° or —20° (Figure 6A). The motion lasted for
either 4.3 sec (short trajectory) or 5.2 sec (long trajectory). A tac-
tile stimulus was presented at the moment when the target either
had reached a point 20° before its final position or was at that final
position of motion. In the latter case, the onset of the tactile stimu-
lus coincided with the onset of the last noise burst of the auditory
(apparent) motion stimulus. The subjects were instructed to direct
the hand pointer after the end of motion toward the position where
the target was at the moment of tactile stimulation. Alternatively,
in some trials no tactile stimulus was presented. In this condition,
which was commensurate with that in our previous studies (Getz-
mann, 2005a; Getzmann et al., 2004), the subjects were instructed
to point toward the position where the target had ceased. Each trial
lasted for 12 sec. Seven LR- and seven RL-motion stimuli per con-
dition were presented in quasirandom order. Thus, the first block
comprised a total of 84 trials (4 motion trajectories X 3 times of
localization X 7 replications).

In the second block, the subjects pointed to stationary target
sounds (duration 4.3 sec) that were presented at —20°, —10°, 0°, 10°,
or 20°. As in Experiments 1B and 2B, these “stationary trials” were
used to correct displacements obtained with sound motion. Seven
stimuli per position were presented in quasirandom order.
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Figure 6. (A) Schematic illustration of the trajectories of left-
to-right (LR, dotted arrows) and right-to-left (RL, solid arrows)
motion in Experiment 3. Positive positions are to the right, and
negative positions to the left, of the subject’s median plane. Sub-
jects pointed at the position where the moving acoustic target was
located at the moment they received a tactile stimulus, or at the
target’s final position when there was no tactile stimulus. Tactile
stimulation either was presented 20° before the end of motion or
coincided with the end of motion. The actual target positions at
the moment of tactile stimulation are exemplarily marked for the
RL motion that ended at —20° (filled circles). (B) Forward dis-
placements in Experiment 3 as a function of the phase of motion
trajectory and direction of motion. The final phase refers to the
moment at which the target was 20° before its final position; end
refers to the moment when the target reached its final position;
and after motion refers to the moment after the target’s disap-
pearance. The notation conventions are as in Figure 3, and error
bars are SEs across subjects (N = 11).

In the third block, audio—tactile differences in perceptual latencies
were determined through a temporal order task (see above). Again,
this task revealed only slight differences (mean value —16.4 msec,
SE +29.3 msec), which were used to correct forward displacements
for the shift of target position due to audio—tactile latency differ-
ences (—0.20°, SE +0.35°).

Results

As is shown in Figure 6B, the magnitude of the percep-
tual displacement depended on the phase of the motion
trajectory: During the motion (i.e., 20° before the final tar-
get position) and at the end of motion, the target position

was slightly displaced in the direction of motion, whereas
a stronger forward displacement occurred after the tar-
get’s disappearance. Accordingly, a two-factor repeated
measures ANOVA indicated a significant effect of phase
of motion trajectory [F(2,20) = 5.28, p < .05], but no ef-
fect of motion direction [F(1,10) = 0.32, p > .05], and no
interaction between the two [F(2,20) = 1.06, p > .05].

Averaged across motion directions, the results can be
described as a slight forward displacement occurring
during and at the end of motion, and a stronger forward
displacement occurring after the target had disappeared
(Figure 4E). Accordingly, ¢ tests indicated that only the
forward displacement after the target’s disappearance dif-
fered significantly from zero [4.1°, SE =1.8°%; #(10) =
2.28, p < .05], whereas displacements occurring during
motion [1.3°, SE =1.0% #(10) = 1.28, p > .05] and at the
end of motion [1.4°, SE £1.0°% #(10) = 1.39, p > .05] did
not. Additional post hoc ¢ tests indicated that the forward
displacement after the target’s disappearance was signifi-
cantly (p < .05) larger than displacements during and at
the end of motion.

Discussion

There was a slight (statistically nonsignificant) for-
ward displacement of the target position during the mo-
tion, quite similar to that observed in Experiment 2B in
the middle and final phases of motion (cf. Figure 4D).
At the end of motion, a nonsignificant tendency toward
displacement occurred that did not differ from that dur-
ing the motion. However, without a tactile stimulus (when
determining the moment of target localization), the final
position appeared to be shifted in the direction of motion.
This result corresponds with the previously reported shift
of'the final position of a moving sound, and thus replicates
the effect of representational momentum in spatial hear-
ing (Getzmann, 2005a; Getzmann et al., 2004). The mag-
nitude of forward displacement of the final position (4.1°)
was quite similar to that found in our preceding studies
(about 3.4° and 3.5°). Taken together, the results indicate
that the localization of a moving acoustic target was quite
precise as long as the target was present. After its disap-
pearance, the final position appeared to be shifted in the
direction of motion.

One might argue that the presence of a tactile stimulus,
as used here, could counteract the perception of forward
displacements. There is evidence that the presentation of
a distractor at the moment a moving target vanishes can
affect forward displacements in visual representational
momentum. In particular, judgments of the final position
were biased toward the location of the distractor (Kerzel,
2002). It was suggested in that study that the position of
the distractor interfered with the remembered final tar-
get position. Also, backward displacements of final target
positions were reported when a task-relevant stationary
stimulus was presented at the moment the target vanished
(Miisseler et al., 2002). It should be noted, however, that in
these studies both target and distractor were visual objects.
At present, it is unclear whether or not spatiotemporal in-
teractions of target and distractor positions occur when an
acoustic target is combined with a tactile distractor.
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It is also conceivable that the presence of the tactile
stimulus reduced the forward displacement by distracting
attention from the moving acoustic target. In the visual do-
main, numerous studies have demonstrated that allocation
of attention can influence displacement effects (Hayes &
Freyd, 2002; Joordens et al., 2004; Kerzel, 2003a; Munger
& Owens, 2004; for a review, see Hubbard, 2005). How-
ever, most of those studies indicated more pronounced
forward displacements when distractors were present.2
Thus, the possibility seems unlikely that the absence of a
displacement effect at the moment of the target’s cessation
in this experiment was the result of an allocation of atten-
tion by the tactile stimulus.

The pattern of displacement effects obtained here re-
sembles that reported by Joordens et al. (2004). In a clock-
watching task, they failed to find any momentum-like bias
during continuous motion of a visual target (Experiment 1
and single-task condition of Experiment 2); after the tar-
get’s cessation, however, a forward displacement of the
final position occurred (Experiment 3). It was proposed
that a compensation process, counteracting the effect of
representational momentum, reduced (and even elimi-
nated) forward displacements. This compensation may
result from controlled processes initiated by the observ-
ers, which may depend on the experimental context. The
tendency to compensate might be reduced when the target
does not continue to move, leaving a strong momentum
effect that, in turn, causes forward displacement (Joordens
et al., 2004).

GENERAL DISCUSSION

The present study investigated the localization of a
moving acoustic target at different points of horizontal
motion trajectories, employing two psychophysical meth-
ods: relative judgment and pointing. Although subjects
were generally able to localize the sound stimuli with
both methods, there was a specific pattern of perceptual
displacement: Without any visual reference in total dark-
ness, the pattern could be best described as an initial for-
ward displacement that decreased in the further course
of motion. With relative judgments, this displacement
turned into a backward shift in the final phase of motion
(Experiment 2A), whereas with pointing slight displace-
ments remained in the middle and final phases of motion
(Experiments 1B and 2B) and at the final target position
(Experiment 3). However, after disappearance of the tar-
get, its final position was significantly displaced in the
direction of motion (Experiment 3).

In Experiment 1A, an increasing forward displacement
occurred in the course of motion, similar to the displace-
ment reported by Mateeff and Hohnsbein (1988). The
seeming conflict of this result and those of Experiments
1B and 2 can be attributed to divergent experimental
settings—namely, the visual reference presented during
the auditory motion in Experiment 1A. Experiment 2A
ruled out the possibility that the forward displacement in
the final phase of motion in Experiment 1A was related
to the shift of the final position after the target’s disap-
pearance, because without a preceding reference stimulus

there was a backward, rather than a forward, shift that in-
creased in the course of motion.

Interestingly, a strong forward displacement occurred
in the initial phase of motion, irrespective of the local-
ization method. At that point in time, the tactile stimulus
was presented when the auditory target had covered only a
relatively small angle. The forward displacement is analo-
gous to that observed in the Frohlich effect, in which sub-
jects determine the onset position of an object in motion
(see, e.g., Baldo & Klein, 1995; Miisseler & Aschersleben,
1998; Miisseler et al., 2002). As in the Frohlich effect, for-
ward displacements in the initial phase of motion could be
based on attentional processes: Because the target started
randomly in the left or right hemisphere, subjects did not
know the starting point in advance. The initial phase of the
trajectory may therefore have received less attention, be-
cause it takes some time before spatial attention is focused
on the current target position. Given that attention is a
necessary prerequisite for conscious processing of spatial
information, the representation of the initial phase of the
trajectory could be insufficient, so that the target appears
to be shifted toward later positions—that is, in the direc-
tion of motion.

This attention-based explanation for the initial forward
displacement is compatible with findings indicating that
auditory attention oriented to a specific location in space
enhances the precision of auditory localization (e.g., Sach,
Hill, & Bailey, 2000; Spence & Driver, 1994; for a review,
see Scharf, 1998). Also, the results of Experiment 1A can
support such an attention-based account: When the visual
reference stimulus was visible before the target started, no
forward displacement occurred. In this case, the reference
stimulus could initiate a “preliminary” shift of spatial at-
tention toward the target position that reduced the time
needed for the shift of attentional focus. Thus, the repre-
sentation of the initial phase of the motion trajectory was
strengthened. Similarly, a preceding cue that indicated the
onset position of a subsequent motion has been shown to
reduce the forward displacement in the Frohlich effect in
both the visual (Miisseler & Aschersleben, 1998, Experi-
ment 4) and auditory (Getzmann, 2005b) modalities.

How are the present findings related to the representa-
tional momentum in spatial hearing? At first, these results
clearly contradict our initial hypothesis, derived from the
results of Mateeff and Hohnsbein (1988), which predicted
an increase of forward displacement during motion. Un-
like this hypothesis, the forward displacements obtained
here during motion were relatively small, as compared
with that of the final target position after the target’s dis-
appearance. Also, displacements decreased up to the final
point, where they were almost absent, or even opposite
the direction of motion. So far, the theoretical background
of representational momentum has referred mainly to vi-
sual objects in motion (see, however, the discussion of
representational momentum in pitch perception by Freyd,
Kelly, & DeKay, 1990), but several assumptions could
be readily adapted to account for the present findings in
auditory motion perception. Functionally, the perception
of motion is of vital importance in everyday life. In par-
ticular, faced with the problem of planning or avoiding
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contact with an object in motion, the perceptual system
must represent motion. In order to compensate for delays
within the neural pathway, the perceptual system should
incorporate future positions of the moving object. In order
to catch an object in motion, for example, the perceptual
system must compensate for the object’s movement dur-
ing the period from initial detection of the object to the
completion of processing of its spatial position and the
initiation of a motor response. Representational momen-
tum might serve to adjust the object’s representation to the
position where the object would be in the very near future,
thus “bridging the gap between perception and action”
(Hubbard, 2005, 2006).

It has been suggested that within the visual system, this
compensation is at least in part based on mental extrapo-
lation of past trajectory information (Nijhawan, 1994).
However, psychophysical results have suggested that
compensation does not occur at early stages of visual pro-
cessing, but at a stage at which retinotopic information is
transformed into egocentric space (Kerzel & Gegenfurt-
ner, 2003). Thus, extrapolation in the motor (rather than
visual) system may overcome processing delays inherent
in the visual system. Assuming that the spatial representa-
tion of a moving acoustic target also lags behind the actual
position, mental extrapolation of dynamic auditory infor-
mation could subserve the localization of a moving sound
source as well. Supporting this reasoning, displacements
observed with the pointing method were generally small
during motion, and in particular, the perceived target posi-
tions did not lag behind the actual positions. The effect of
mental extrapolation should occur when the moving target
abruptly disappears. In this case, which was unpredictable
for the perceptual system, the dynamic representation did
not stop immediately but overshot the final target position
in the direction of motion.

Mental extrapolation does not require that the moving
object be associated with physical momentum: It has been
proposed that momentum is a general property of repre-
sentational systems in which time is a fully integrated di-
mension, and that momentum can be found for any type of
continuous change (Freyd et al., 1990). A causal relation
between physical and representational momentum does not
appear to be necessary; instead, the perceptual system could
use the rate of change of a continuously changing event as an
intrinsic component for automatically extrapolating future
states of the event. Regarding representational-momentum-
like phenomena in dimensions that cannot be directly as-
sociated with physical-momentum-like phenomena (e.g.,
tone pitch, Freyd et al., 1990; or brightness, Brehaut & Tip-
per, 1996), this argumentation appears plausible.

Interestingly, with the relative-judgment method, a
backward displacement of target position emerged during
motion (Experiment 2A). In particular, in the final phase
of motion, there was a significant difference between the
relative-judgment and pointing task results: Although
manual pointing was quite precise, the relative judgments
obviously lagged behind the actual target position. Thus,
mental extrapolation of dynamic information may play
a major role in sensorimotor operations—that is, in op-
erations that comprise motor planning and execution, as

in the present pointing task. This is in line with findings
on visual representational momentum that have indicated
that stronger forward displacements after the target’s ces-
sation occur with motor responses (e.g., manual pointing)
than with relative judgments (Kerzel, 2003b; Kerzel &
Gegenfurtner, 2003). Assuming that motor actions and
cognitive judgments are based on distinct representations
(Goodale & Milner, 1992), our data thus may provide fur-
ther support for the view that the motor system anticipates
future positions to a larger degree than does the cognitive
system, in order to compensate for neuronal delays and to
ensure precise goal-directed movements.
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NOTES

1. One might argue that subjects were aware of the fact that each
single noise burst was emitted from one loudspeaker (i.e., the impres-
sion of motion resulted from a succession of stationary sound sources).
The movement angle of each sound stimulus was, however, as small as
0.6° (= 12°sec * 50 msec), which is clearly below the minimum audible
movement angle (MAMA; i.e., the smallest angular distance a moving
sound must traverse to be just discriminable from a stationary source):
Perrott, Manligas, and Pacheco (1988), for example, reported that the
MAMA for broadband sounds moving at a velocity of 20°sec is in the
range of 1.1° (when the source was at 0° azimuth) and 3.5° (at a more lat-
eral position). Thus, it is unlikely that subjects perceived the “stepwise”
displacement of the sound source.

2. In the study of Kerzel (2003a), distracting irrelevant stimuli elimi-
nated forward displacements, and even caused backward displacements
of the final target position. However, in contrast to the other stud-
ies we have mentioned, distractors were presented after the target had
vanished—that is, during the retention interval. This could possibly ex-
plain the divergent result (Hubbard, 2005).

(Manuscript received November 28, 2005;
revision accepted for publication January 13, 2007.)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


