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The present experiment was conducted to examine the integration of the motion coherence paradigm in a synchronization task. R
inematograms were used to generate a pattern of oscillating dots representing four different coherence levels (10%, 30%, 50%
nd one target-alone condition. The participants had to synchronize their arm with the coherently moving dots according to tw
ynchronization modes (in-phase and anti-phase). The results revealed a substantial performance decline when the target/noise
nder the critical threshold situated around the 30% coherence level, albeit independent of the synchronization mode. In general, th
ighlighted the impact of the perception of motion based on the level of motion coherence in the visual signal on the synchronizatio

n a perception–action setting.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The precision of the interplay between an actor and the en-
ironment constitutes a vital element in achieving successful
uman behavior. The accuracy level of this perception–action

nteraction is quite remarkable. Not only because of the con-
tantly changing surroundings, but also due to the proper
ovements of the actor, which add considerably to the dy-
amic nature of the perception–action cycle. Image motion
rocessing plays an important role in the smooth operation
f this cycle and delimits to some degree the appropriateness
f the actions in a given environment. Thus, such activities
s driving a car, crossing the road, catching a ball, and syn-
hronizing movements of body segments to visual stimuli

∗ Corresponding author. Tel.: +32 16329069; fax: +32 16329197.
E-mail address:tanja.ceux@faber.kuleuven.be (T. Ceux).

strongly rely on the ability to accurately perceive, inter
and predict the motion of the constituting elements of
surroundings.

At present, the literature provides a good understan
of the lower motion areas in which directionally selec
cells, located in the primary visual cortex (area VI),
tect motion in each possible direction at each distinct
sition of the image[6,14]. It should not be very surprisin
then that research currently focuses on explaining the h
motion areas requiring the organization and integratio
simple local motions initiated by the middle temporal a
(MT/V5). An important (dynamic) factor in this perceptu
image organization is the well-known Gestalt notion of “co
mon fate”. This perceptual grouping principle states tha
ements moving coherently in the same direction and a
same speed have a strong tendency to be grouped to
[11,16].

166-4328/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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One of the best means to investigate the mechanisms that
determine which signal units of a complex scene belong
together and which units do not, relates to the so-called mo-
tion coherence paradigm. In these studies random-dot kine-
matograms are used in which rapid position changes of many
randomly positioned elements provokes the perception of el-
ements in motion[11]. These random-dot kinematograms are
characterized by some fraction of dots (signal dots) moving
coherently in the same direction, while the remaining dots
(noise) are moving in a random or incoherent way. Since each
dot in the kinematogram can be controlled independently, it
is possible to manipulate the coherence levels of the display
by adding randomly moving dots to observe how well the
participants perform a discrimination task under different
noise levels. Performance in a motion perception task with
such a stimulus (e.g. discriminating between two opposite
motion directions) is then related to the so-called coherence
threshold, expressed as the percentage of dots moving in
the same direction at the same speed[7,9,10,13,16–18].
Depending on the speed and on the duration of the coherent
motion, and on the area and visual field of the visual stimulus,
the coherence thresholds for human and non-human primate
observers were found to be within the range of 2 and 30%
[2,5]. In essence, the consistent psychometric relationship
between the strength of the coherent motion signal and the
ability to discriminate the motion direction in the random-dot
k of the
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ticipants had to perform the anti-phase synchronization mode
involving an opposite movement direction as the target signal.
Actually, by comparing the effect of the coherence manipu-
lations on both in-phase and anti-phase movements, we can
test whether the coupling strength is substantially stronger
when perception and action spatially match. Finally, it was
anticipated that (1) given the findings of the pilot experiment
a performance gain can be predicted when the motion coher-
ence, i.e. the target/noise dots ratio, increases, and (2) syn-
chronization performance is expected to be better in the case
of in-phase synchronization (with stronger perception–action
coupling than in the anti-phase condition). Hence, we stated
performance to be best in the in-phase condition for the high-
est coherence level and worst in the anti-phase for the lowest
coherence level. How the two factors motion coherence and
synchronization mode will interact in the intermediate coher-
ence conditions is more difficult to predict.

2. Materials and methods

2.1. Participants

Fifteen female students (mean age = 19.72 years, age range
18–23) volunteered to participate in the study. The participants had
a normal or corrected to normal vision and had no previous expe-
r tudy.
P t.
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r and
inematogram can be regarded as a further refinement
erceptual grouping principle of ‘common fate’.

In the present study we want to take this perceptual
step further and apply it to the action domain. More spe
ally, we will make use of the motion coherence paradig

nvestigate how coherence manipulations influence the
hronization performance. In fact, in a preliminary exp
ment we tested 18 participants to validate the use o
ifferent motion coherence levels in a perception–action

ing. This pilot study showed the successful integration o
otion coherence paradigm as the synchronization beh

aried considerably between a limited number of motion
erence levels in the range of 10% and 100%. More sp

cally, lower coherence levels, i.e. a decreased target/
atio, provoked poorer synchronization performance w
he participants had to synchronize their arm movement t
oherently moving target surface. Using this information,
ajor questions were addressed in the present experi
irstly, we manipulated the spatio-temporal characteristi

he visual signal to further elaborate the impact of diffe
oherence levels on the synchronization action. The de
o which the coherence manipulation will influence sync
ization performance will be highly informative to get a b

er idea about the strength of the perception–action cou
or this type of tasks. Secondly, this latter assumption
e examined more closely by introducing a phase mani

ion. Buekers et al.[3] showed that synchronization perf
ance was best when arm movements were executed

ame direction as the horizontal moving signal dot (in-ph
onversely, synchronization behavior was poorer when
.

ience with the task, nor were they aware of the goal of the s
rior to testing, all the participants gave their informed consen

.2. Apparatus

Participants were seated comfortably on a chair behind a ta
darkened room. The right forearm had to be placed on a leve

ould freely rotate in the horizontal plane. While the participa
lbow was positioned just above the lever’s axis of rotation, he
ad to grab a handle that was fixed to the distal end of the
shaft encoder (Tamagawa TS5116) was connected to the a

he lever and recorded its position (accuracy of 0.1◦) at a rate o
00 Hz. The visual signal was projected on a white wall in f
f the participants at a viewing distance of 145 cm by means
CD-projector with a spatial resolution of 800× 600 pixels, an
aterialized as a black rectangle (117 cm× 119 cm) filled with the

otal number of 1000 dots. The maximum luminance in the s
li was approximately 120 cd/m2 (corresponding to the dots), wh

he background luminance was 15 cd/m2. The dynamic display wa
random-dot kinematogram, created in MATLAB, using the

hophysics Toolbox extensions[1,12]. It consisted of a fraction o
arget dots moving coherently back and forth from left to ri
hile the remaining dots (noise) were moving in a random or i
erent way. All dots were moving at a sinusoidal mean veloci
6.06◦/s. Between the two reversal positions of the display, all
ad a lifetime of five frames (0.080 s) of the total signal sequ
f 100 frames (1.65 s).

.3. Task and procedure

The participants completed two synchronization modes
hase versus anti-phase) in five experimental signal condition
esenting four different coherence levels (100%, 50%, 30%



T. Ceux et al. / Behavioural Brain Research 162 (2005) 83–89 85

10%) and one target-alone condition. Since in this latter condi-
tion only one target dot was shown it could serve as a reference
condition to define the mere impact of the coherent motion on the
synchronization performance. In the 100% coherence condition all
dots served as target dots and moved coherently back and forth from
left to right. However, in the 10% coherence condition only 10% of
the dots moved coherently. In this latter condition, 90% of the dots
moved in a random way (noise). The 30% and the 50% coherence
conditions were composed in a comparable manner. While the par-
ticipants were instructed to synchronize the arm movement to the
coherently moving signal dots in the same direction in the in-phase
synchronization mode, the reversed coupling between arm move-
ment and visual signal was required in the anti-phase mode.

For the target-alone condition participants had to move in the
same direction as the one target dot in the in-phase mode while
arm movements had to be performed in the opposite direction in
the anti-phase mode. Each synchronization mode consisted of 60
reversal movements, divided in three trials of 20 cycles each. Every
movement cycle lasted 3.3 s resulting in a total trial duration of 66 s
for each condition.

The sequence of the 10 conditions (signal condition×
synchronization mode) was randomized between the participants
and the arm movement had to be initiated when a single target dot
completed 1 (in-phase) or 1.5 (anti-phase) back and forth cycle. The
required amplitude for the arm movement was imposed by the target
dots and was equal to 43◦.

2.4. Data analysis
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14) = 5.106,p= 0.0014) (seeFig. 1). In fact, arm movements
became significantly larger and less accurate in the target-
alone condition, where only one target dot was presented,
than in the 10% and the 30% coherence conditions, where
respectively 90 and 70% of the total number of dots was
noise moving in a random way (seeTable 1). Furthermore,
the results for the movement amplitude varied significantly
as a function of the synchronization mode (F(l, 56) = 4.960,
p= 0.0429). Actually, the best spatial precision was achieved
in the in-phase synchronization mode where arm movements
had to be executed in the same direction as the coherently
moving target dots. In other words, the obtained amplitude
deviated significantly more from the criterion target ampli-
tude of 43◦ in the anti-phase condition.

Contrary to these results, the within-participant variabil-
ity of the movement amplitude increased as the number
of coherently moving dots decreased (F(4, 14) = 23.052,
p< 0.0001), albeit independent of the synchronization mode.
Specifically, both the 10% and the 30% coherence conditions
revealed substantial performance deterioration compared to
the three remaining experimental signal conditions (50%,
100% and target-alone). What’s more, the consistency of
the arm movement in the 50% coherence condition also
meaningful differed from the performance in the 100% and
target-alone conditions.
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The mean movement amplitude (◦) and mean within-participa
ariability of the amplitude (◦) were calculated for each participa
o examine the spatial accuracy of the arm movement acco
o the criterion amplitude of the visual signal (43◦). In addition to
hese spatial parameters, the variable error (ms) was used to in
he temporal variability at both the left and right reversal posi
inally, the mean absolute error of the (continuous) relative p

◦) and the mean within-participant variability of the (continuo
elative phase (◦) were computed for each participant to study
patio-temporal characteristics of the synchronization perform
t each point in the trajectory. Specifically, the absolute erro

he (continuous) relative phase, indicating the absolute differ
n phase angle between the arm movement and the visual s
as used as a measure of performance accuracy while its sta
eviation expressed the consistency of the synchronization beh
ll these dependent variables were computed as the average

hree trials in each synchronization mode of the five different s
onditions for each participant.

Statistical analyses consisted of a 5× 2 (signal condi
ion× synchronization mode) factorial design with repeated m
ures on both factors. The alpha-level was set atp< 0.05, and al
ignificant results involving more than two means were anal
sing Tukey’s HSD procedures.

. Results

.1. Spatial parameters

Statistical analysis of the amplitude showed a sig
ant main effect for the experimental signal condition (F(4,
.2. Temporal parameters

The analysis of the variable error, expressing the tem
ariability of the arm movements only at both reversal p
ions, revealed a significant main effect for the signal co
ion ((F(4, 14) = 10.028,p< 0.0001) at the left side andF(4,
4) = 10.440,p< 0.0001 for the right side). Tukey/Kram
ost-hoc analyses demonstrated a significant perform
ecline at the left and right reversal point in the 10% co
nce condition (containing the largest number of noise d
s compared to the four other signal conditions (30%, 5
00% and target-alone). As can be seen inTable 1, extremely
igh variability scores were observed in the 10% coher
ondition which illustrated the participants’ inability to e
ract the coherent moving target dots in this lowest coher
evel. Note, however, that the 100% and the target-alone
itions produced fairly normal variable errors. Thus, w
oherence levels were high, synchronization perform
as good. Based on these data, it can be concluded th
reasing the number of randomly moving noise dots elic
erious problems to reverse the arm in a consistent way

Additionally, both the results of the variable error at the
s well as the right reversal position failed to show any di
nces in temporal consistency of the synchronization be

or between the in-phase and anti-phase coordination m

.3. Spatio-temporal parameters

The ANOVA on the absolute error of (continuous) re
ive phase indicated a significant difference between the
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Fig. 1. Mean and standard error of the movement amplitude.

signal conditions (F(4, 14) = 4.845,p= 0.0020). Post-hoc
analyses revealed that the spatio-temporal characteristics of
the arm movement in the 10 and 30% coherence condi-
tions differed from the target-alone condition. What’s more,
meaningful performance difference was also found in the
lowest coherence level, i.e. the 10% coherence condition,
as compared to the highest coherence level, i.e. the 100%
coherence condition. As can be seen inFig. 2, an even
more pronounced performance decrease was observed for the
within-participant variability of (continuous) relative phase

(F(4, 14) = 17.263,p< 0.0001). More specifically, the 10%
coherence condition differed significantly from all other sig-
nal conditions and also the synchronization performance in
the 30% coherence condition was more variable than in the
target-alone condition.

In addition, a significant interaction effect between sig-
nal condition and synchronization mode was obtained (F(4,
14) = 2.749,p= 0.0370). Performing arm movements in the
same direction as the target dots, i.e. the in-phase synchro-
nization mode, resulted in better synchronization behavior as

Table 1
Mean of the dependent synchronization measurements

10% 30% 50% 100% Target-alone

Amplitude (◦)
In-phase 55.0 56.8 57.8 58.7 61.0
Anti-phase 58.7 57.3 59.2 58.4 62.7

Within-participant variability of amplitude (◦)
In-phase 10.6 9.2 7.1 5.3 5.4
Anti-phase 10.3 7.8 7.8 5.9 4.7

Variable error left (ms)
In-phase 1064 379 151 125 75
Anti-phase 776 255 261 144 105

Variable error right (ms)
In-phase 1111 390 145 127 80
Anti-phase 749 247 227 135 105

A
17
27

W
15
20
bsolute error of (continuous) relative phase (◦)
In-phase 36 22
Anti-phase 28 31

ithin-participant variability of (continuous) relative phase (◦)
In-phase 35 20
Anti-phase 28 21
17 13
19 13

15 11
16 13
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Fig. 2. Mean and standard error of the within-participant variability of relative phase.

compared to the anti-phase synchronization mode in which
the participants had to move in the opposite direction with the
exception of the 10% coherence condition. Actually, when the
motion coherence level enables a more or less synchronized
behavior, performance is significantly better in the in-phase
synchronization mode as compared to the anti-phase mode.

4. Discussion

Despite the widely accepted use of the perception of mo-
tion based on the level of motion coherence in the visual
signal as a performance measure in visual motion process-
ing, little or nothing is known about its operation within the
framework of actions. The findings of our recent studies on
synchronization[3,4], challenged us to apply the coherence
paradigm to this type of task. Therefore, the present exper-
iment was set up to determine more thoroughly the role of
the motion coherence paradigm on the synchronization per-
formance. For this reason, and in addition to the coherence
manipulations, a phase manipulation was introduced.

To do so, the visual signal consisted of random-dot kine-
matograms with different coherence levels in which the co-
herently moving surface of signal dots had to be extracted and
tracked by the participants with their right arm. Based on the
findings of the above mentioned pilot experiment, four signal
c ely a
1 used.
I con-
d s an
o

As the results of the pilot experiment indicated, there were
no problems implementing the motion perception coupled to
the level of motion coherence in the context of a synchro-
nization task. Given this observation, we could focus on the
question as to how different coherence levels would influence
synchronization performance. As mentioned above, we antic-
ipated that degrading perception by decreasing the number of
target dots in proportion to the number of noise dots would
deteriorate synchronization performance. As expected, the
data demonstrated a disturbance of synchronization behav-
ior due to a decreasing target/noise ratio. Particularly, the
spatial consistency of the movement already showed perfor-
mance decline when the 50% coherence level was achieved.
Further, the results of the temporal and spatio-temporal pa-
rameters (absolute relative phase and within-participant vari-
ability of relative phase) revealed synchronization problems
mainly situated at the 10% coherence level. These findings
clearly illustrate that synchronization performance was seri-
ously affected when the number of randomly moving noise
dots reached a critical level. As such this observation is in
line with perceptual observation studies[7,9,10,13,16–18],
expressing performance problems in terms of particular co-
herence thresholds (in percentage). Apparently, for the spa-
tial variability this threshold seemed to be situated around
the 50% coherence condition. For the variable error (left and
right) and the (continuous) relative phase, the threshold was
l . Note
t role
o task
r shold
f

onditions representing different coherence levels, nam
0%, 30%, 50% and 100% target/noise dots ratio were

n addition to these complex displays, a target-alone
ition was incorporated in the present study, serving a
verall reference condition.
ocated between the 10% and the 30% coherence levels
hat the present experiment intended to investigate the
f the motion coherence paradigm in a synchronization
ather than determining the perceptual coherence thre
or accurate synchronization performance as such.
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The second point of interest was investigated by adding
a phase manipulation to the motion coherence manipulation.
At first sight, the majority of the dependent measures failed
to confirm the results of previous research[3,4,15,20]since
the overall synchronization performance was similar for the
in-phase and anti-phase mode. Only the results of the move-
ment amplitude showed less accurate arm movements in all
signal condition when the task was completed according to
the anti-phase mode. Most probably the motion coherence
manipulation was responsible for this unexpected result. For
instance, when synchronization problems materialized in the
10% signal condition, the advantage of the in-phase condition
disappeared, leading to similar performance levels for both
synchronization modes. Vice versa, when participants had
no problems detecting the coherently moving target signal,
i.e. in the 50%, 100% and target-alone conditions, perfor-
mance became less accurate and more variable in the anti-
phase condition than in the in-phase synchronization mode.
As Fig. 2 illustrated, this explanation was confirmed by the
signal condition× synchronization mode interaction effect
on the within-participant variability of relative phase. Based
on these findings, we can conclude that the critical and dom-
inant impact of the motion coherence manipulation foiled
a possible positive phase effect for the in-phase synchro-
nization mode. Actually, the lack of general statistical dif-
ference between the in-phase and anti-phase mode was also
f ving
i with
e nt oc-
c udi-
t ive
p ed no
d timed
c des.
H aged
d niza-
t en-
t teral
i that
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p d to
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p
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i 0%
a is ob-
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perience the same target complexity as the one used in the
coherence conditions. Possibly this discrepancy provoked the
amplitude effects observed in the present experiment. Nev-
ertheless, the results of this study support the suitability of
random-dot kinematograms (size of the display, total number
of dots, lifetime, velocity, luminance,. . .) to investigate the
influence of motion coherence in synchronization tasks.

To summarize, the results clearly demonstrated the
influence of motion coherence paradigm on the quality of
the synchronization performance in a perception–action
setting. Actually, synchronization performance was seriously
affected when the perceptual conditions were complex,
i.e. as the number of noise dots dropped under the 30%
coherence level. However, this latter effect was independent
of phase manipulations, i.e. the in-phase or anti-phase syn-
chronization mode. Thus, when both coherence and phase
manipulations are applied to synchronization behavior, the
coherence levels will exert their dominant role.
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