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Abstract 

The effects of correct and transformed visual feedback on rhythmic unimanual 
visuomotor tracking were examined, focusing on tracking performance 
(accuracy and stability) and visual search behavior. Twelve participants 
(reduced to 9 in the analyses) manually tracked an oscillating visual target 
signal in phase (by moving the hand in the same direction as the target signal) 
and in antiphase (by moving the hand in the opposite direction), while the 
frequency of the target signal was gradually increased to probe pattern stability. 
Besides a control condition without feedback, correct feedback (representing the 
actual hand movement) or mirrored feedback (representing the hand movement 
transformed by 180 degrees) were provided during tracking, resulting in either 
in-phase or antiphase visual motion of the target and feedback signal, 
depending on the tracking mode performed. The quality (accuracy and stability) 
of in-phase tracking was hardly affected by the two forms of feedback, whereas 
antiphase tracking clearly benefited from mirrored feedback but not from 
correct feedback. This finding extends previous results indicating that the 
performance of visuomotor coordination tasks is aided by visual feedback 
manipulations resulting in coherently grouped (i.e., in-phase) visual motion 
structures. Further insights into visuomotor tracking with and without feedback 
were garnered from the visual search patterns accompanying task performance. 
Smooth pursuit eye movements only occurred at lower oscillation frequencies 
and prevailed during in-phase tracking and when target and feedback signal 
moved in phase. At higher frequencies, point-of-gaze was fixated at a location 
that depended on the feedback provided and the resulting visual motion 
structures. During in-phase tracking the mirrored feedback was ignored, which 
explains why performance was not affected in this condition. Point-of-gaze 
fixations at one of the endpoints were accompanied by reduced motor variability 
at this location, reflecting a form of visuomotor anchoring that may support the 
pickup of discrete information as well as the control of hand movements to a 
desired location. 
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Introduction 
Kelso (1981, 1984) demonstrated that the relative phase between limb 
movements is a key variable in understanding the stability properties of 
rhythmic interlimb coordination. When two limbs (fingers or hands) are moved 
rhythmically at the same frequency, two coordination patterns are intrinsically 
stable (i.e., without special training), provided that the movement frequency is 
sufficiently low: in-phase (0° relative phase, homologous muscles are active 
simultaneously) and antiphase (180° relative phase, non-homologous muscles 
are active simultaneously). At higher frequencies only the in-phase pattern is 
stable: when participants start out in the antiphase pattern, and the tempo is 
gradually increased, an abrupt, spontaneous switch to the in-phase pattern occurs 
at a certain critical frequency. Kelso (1984) interpreted the switch in question as 
a phase transition involving a frequency-induced loss of stability of the 
antiphase pattern. Haken, Kelso, and Bunz (1985) subsequently modeled this 
phase transition in terms of a potential function and a corresponding nonlinear 
model of coupled oscillators.  

A similar phase transition has been identified in rhythmic unimanual 
visuomotor tracking. When participants are instructed to move their hand always 
in a direction opposite to that of an oscillating target signal while the frequency 
of that target signal is gradually increased, the hand spontaneously starts moving 
along with the target signal at a certain critical frequency (Peper & Beek, 1998; 
Wimmers et al., 1992). Also in this case, the transition appears to be one in 
terms of relative phase, now between target and hand movements. Furthermore, 
the potential function developed by Haken et al. (1985) still applies, even though 
in unimanual visuomotor tracking the coupling is unidirectional, rather than 
bidirectional as in interlimb coordination. Tracking performance is most stable 
when target and hand move in the same direction (i.e., in-phase tracking) and 
less stable when the hand moves in the direction opposite to that of the target 
signal (i.e., antiphase tracking). When the frequency of the target signal 
increases, antiphase tracking becomes unstable, followed by an abrupt shift, or 
phase transition, to in-phase tracking. 

But are phase transitions in interlimb coordination and visuomotor 
tracking caused by similar mechanisms? Following a suggestion by Kugler 
(1986) for bimanual coordination, Wimmers et al. (1992) hypothesized that the 
phase transitions in unimanual visuomotor tracking reflect thresholds in the 
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processing of perceptual information. This interpretation is akin to the 
theoretical position forwarded by Bingham and colleagues in the context of their 
studies on the stability of the perception of two oscillating visual signals. 
Bingham, Schmidt, and Zaal (1998) and Zaal, Bingham, and Schmidt (2000) 
showed that the stability of visual perception of the relative phase between two 
oscillating visual signals depends on their directional compatibility. When 
relative phase was 0°, perception was most stable. When relative phase was 
180°, perception was less stable, and when relative phase was between 0° and 
180°, perceptual stability further decreased as a function of the departure from 
0° and 180°, respectively. In addition, perceptual stability was found to decrease 
with increasing oscillation frequency (Bingham et al., 2001). Bingham et al. 
(2001) therefore argued that the stability of manually produced phase relations, 
as well as frequency-induced changes therein, are reflections of perceptual 
stability. 

The theoretical position adopted by Bingham and colleagues implies that 
it should be possible to hamper or facilitate the perception and hence the 
production of phase relations by enhancing or transforming the available 
perceptual information. That this is at least partly the case was recently 
demonstrated by Bogaerts and colleagues (2003) in a study on bimanual cyclical 
line drawing. Easy and difficult (i.e., differentially stable) versions of this task 
were performed under correct and transformed visual feedback conditions. The 
transformed feedback did not affect the most stable (in-phase) coordination 
patterns but markedly improved the quality of performance of the less stable 
(antiphase) patterns, provided that the transformed feedback resulted in 
coherently grouped (i.e., in-phase) visual motion structures. 

In the present experiment, we investigated the effects of correct and 
transformed visual feedback in the context of rhythmic unimanual visuomotor 
tracking. By doing so, we extended the research of Bogaerts et al. (2003) to a 
task in which the stability of production of in-phase and antiphase relations 
appears to be solely a function of directional compatibility, as in the perceptual 
experiments of Bingham and colleagues. In particular, besides a control 
condition without feedback, two forms of visual feedback of the hand movement 
were provided in the experiment: correct feedback (representing the hand 
movement as made) and mirrored feedback (representing the hand movement in 
the direction opposite to the actual movement). Thus, in-phase tracking with 
mirrored feedback implied stimuli (i.e., target and feedback signal) moving in 



Chapter 2 

 29

opposite direction (i.e., antiphase visual motion), whereas antiphase tracking 
with mirrored feedback implied stimuli moving in the same direction (i.e., 
coherently grouped, in-phase visual motion). 

Based on the empirical findings of Bogaerts et al. (2003), it was expected 
that the accuracy and stability of in-phase tracking would hardly be affected by 
the visual feedback provided, if at all. However, to the extent that effects would 
be present, in-phase tracking was expected to stabilize with correct feedback and 
to destabilize with mirrored feedback, in line with the theoretical argument of 
Bingham et al. (2001). In contrast, based on both empirical and theoretical 
grounds, antiphase tracking was expected to improve with mirrored feedback 
and to suffer from correct feedback. To probe the stability of visuomotor 
tracking under the various feedback conditions, the oscillation frequency of the 
target signal was gradually increased (i.e., the transition paradigm, cf. Wimmers 
et al., 1992). 

In addition to the effect of correct and transformed feedback on tracking 
performance, we examined the visual search strategies that were employed 
under the described feedback and frequency manipulations. A smooth pursuit 
strategy was expected at low oscillation frequencies and for experimental 
conditions involving in-phase motion of the target and feedback signal, allowing 
the participant to obtain continuous high acuity visual information of the target 
position in conjunction with the feedback signal. Concurrent in-phase manual 
tracking has been found to improve smooth pursuit ocular tracking compared to 
only visually tracking the oscillatory stimulus (Koken & Erkelens, 1992; Leist et 
al., 1987), whereas the effect of concurrent antiphase manual tracking on smooth 
pursuit is unknown. Efficient smooth pursuit ocular tracking is limited to 
frequencies up to 1–1.5 Hz (e.g., Leist et al., 1987; Mather & Putchat, 1983). At 
higher frequencies, the observer has to initiate high velocity, saccadic eye 
movements to maintain foveation (e.g., Koken & Erkelens, 1992; Leist et al., 
1987). During saccades the eyes are effectively blind, rendering this strategy 
more and more ineffective as the frequency of the target signal is increased. 
Probably for this reason, Leist (1987) observed a transition from ocular pursuit 
to a fixed orbital position in rhythmic visuomotor tracking with increasing 
oscillation frequency. 

Consequently, a gaze fixation strategy was expected at higher frequencies. 
To achieve foveal fixation at higher oscillation frequencies, point-of-gaze may 
be directed at specific locations, for example at the endpoints of the oscillating 



Chapter 2 

 30 

visual signals (i.e., where angular velocity goes to zero) or at a central position 
between the endpoints (i.e., where angular velocity reaches a maximum). At 
these positions, relative phase information may be sampled discretely by means 
of high-acuity foveal vision. It may be expected that the location of the point-of-
gaze fixations across feedback conditions depends on the phasing between target 
and feedback signal. Such fixations may serve as a “visual pivot” (Williams & 
Davids, 1998), allowing attention to diffuse across the visual periphery without 
moving the eyes (see also Remington, 1980; Sanders & Houtmans, 1985; 
Shulman et al., 1979), and to quickly switch from one area of the visual field to 
another, using peripheral rather than foveal vision (see Nougier et al., 1991; 
Posner & Raichle, 1994). Furthermore, movement-related information may be 
processed more rapidly in the visual periphery compared with the fovea (Milner 
& Goodale, 1995). 

Finally, point-of-gaze fixations may be related to “anchoring phenomena” 
in limb oscillations, which have been reported in the form of reduced endpoint 
variability (Beek, 1989; Byblow et al., 1994, 1995; Carson, 1993). Such 
compression of variability hints at points or regions in the workspace where 
useful task-specific information might be available and thus be picked up, such 
as information about the required timing (Beek, 1989). In principle, in rhythmic 
visuomotor tracking, foveal fixation allows for the perception of relative phasing 
between target and feedback signal in such a discrete manner, for example, by 
using the relative positions at times that the angular velocities are momentarily 
zero. Thus, by relating the endpoint variability of the hand movement to point-
of-gaze fixations, the concept of anchoring might reveal where relevant 
information is available and picked up.  
 

Methods 
Participants 

After having signed an informed consent form, twelve persons (five women, 
seven men, aged 21–26 years) participated voluntarily in the experiment which 
was conducted in full compliance with the ethical guidelines of the American 
Psychological Association. Using a shortened version of the Edinburgh 
Handedness Inventory (Oldfield, 1971), eleven right-handers and one left-
hander were identified.  
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Experimental setup 

A manipulandum in the form of a vertical bar attached to the end of a rotatable 
horizontal lever was mounted on a vertical axis, which pointed downward 
through an aperture in a tabletop. Angular position was registered with a 
potentiometer that was affixed to the lower end of the vertical axis underneath 
the tabletop. The potentiometer was connected to a microcomputer via an A/D 
interface card (1000 Hz, Labmaster). Above the tabletop, a chinrest was 
positioned to which a horizontal cover was attached, which prevented vision of 
the moving hand (see Figure 2.1). 

 
Figure 2.1. The experimental setup employed. Left panel: Target and feedback LED 
bows as seen by the participant. Right panel: Side view of the experimental setup. 

 
Two semicircular horizontal bows, containing a continuous array of 448 

light emitting diodes (LEDs), were positioned on top of each other in front of 
the participant at a horizontal distance of about 1.25 m from the chinrest. A 
harmoniously oscillating target signal with adjustable frequency was presented 
on the lower LED bow. The amplitude of the target signal (in LED coordinates) 
corresponded to 20° of hand motion (i.e., the preferred amplitude determined by 
Peper and Beek (1998) for this experimental task and setup). On the upper LED 
bow, concurrent visual feedback from the actually performed movements could 
be presented. The display setup was calibrated in such a way that the angular 
position of the manipulandum matched that of the feedback signal presented on 
the upper LED bow, which facilitated alignment of the feedback signal with the 
target signal. 

  -20º           20º 
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  feedback 

   potentiometer 
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  manipulandum 

chinrest 
 
cover 

o



Chapter 2 

 32 

Participants wore a lightweight helmet carrying an eye-tracking system 
(Applied Systems Laboratories, series 5000 Eye Tracker, sampling frequency 50 
Hz; spatial error <0.6°) and a video camera that recorded the scene from the 
participant’s perspective. Left eye orientation was monitored via reflection of 
pupil-cornea boundaries in near-infrared light. The eye-tracker data were 
synchronized with target, hand, and feedback data. 

Participants were seated on a height-adjustable stool that was positioned 
behind the table with the manipulandum. The participant’s chin was placed on 
the chinrest to minimize head movements during the trials. The position of the 
chinrest ensured that the participant’s point-of-gaze was fixed at the (vertical 
and horizontal) center of the two LED bows (see Figure 2.1, right panel) when 
looking straight ahead. The participants gently held the manipulandum with 
their preferred hand. The axis of rotation for flexion and extension of the wrist 
was aligned with the rotation point of the lever by adjusting the position of the 
manipulandum on the lever. The lower arm rested on an armrest positioned on 
the tabletop. To avoid sideward movements of the wrist, the most distal part of 
the lower arm was secured snugly between two foam-coated metal bars by 
adjusting the width between them. The lower arm was aligned with the line 
chinrest-lever’s rotation axis-center of LED bows.  

 
Procedure 

Prior to the experiment proper, the participants performed a brief familiarization 
trial (<60 s) to give them a feel for unimanual tracking with movement-related 
feedback. During this trial, the participants were free to move the manipulandum 
while its (untransformed) angular position was fed back on both LED bows 
simultaneously (i.e., in the absence of a target signal).  

In the experimental trials, the frequency of the target signal was increased 
from 1.0 to 2.8 Hz in 0.2 Hz increments that were applied after each 10 cycles, 
resulting in a total trial duration of 58.4 s. Participants were instructed to either 
move their hand along with the target signal (in-phase [IP] coordination) or 
against it (antiphase [AP] coordination). As is illustrated in Figure 2.2, both 
coordination modes were performed under three feedback conditions (no 
feedback [NF], correct feedback [CF], and mirrored feedback [MF]), that were 
presented in random 10-trial blocks. Within each feedback block, five in-phase 
and five antiphase trials were performed in series. The order of presentation of 
the in-phase and antiphase trials was counterbalanced over participants. The 
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experiment thus involved six experimental conditions consisting of five trials 
each, amounting to a total of 30 trials. 

Figure 2.2. Schematic overview of the experimental design. For each condition, the 
target signal was presented on the lower trace in the visual field (i.e., on the lower LED 
bow), whereas, if present, the feedback signal was presented on the upper trace (upper 
LED bow). On the left, in-phase (IP) tracking is depicted (i.e., the hand moves in the 
same direction as the target signal), and on the right, antiphase (AP) tracking is 
depicted (i.e., the hand moves in the direction opposite to that of the target signal). The 
resulting visual motion structures with no feedback (NF), correct (CF) and mirrored 
(MF) feedback are illustrated as well (upper and lower traces). 

 
Participants were informed that the target signal always started to the left 

of the center of the lower LED bow (i.e., at -20°). They were instructed to 
position their hand initially at this position for the IP trials and at the 
corresponding position to the right of the center of the LED bow for the AP 
trials (i.e., at +20°). 

In the NF condition, participants were instructed to move their hand either 
along with or against the target signal for the IP and AP tracking mode, 
respectively (see Figure 2.2). In the two visual feedback conditions (CF and 
MF), they were instructed to either move the feedback signal along with the 
target signal (for the IP-CF and AP-MF condition) or against it (for the AP-CF 
and IP-MF condition), as is depicted schematically in Figure 2.2. In all 
conditions, they were instructed to coordinate their hand movements at the 
required oscillation frequency and not to actively resist spontaneous tendencies 
for the coordination pattern to change if those tendencies would arise (see also 
Kelso, 1995). No specific instructions were given with regard to eye 
movements. 

IP AP 

NF 

CF 

MF 
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After each trial, the peak-to-peak cycle frequency (defined as the inverse 
of the time duration between two extension peaks) was determined and 
evaluated per frequency bin in terms of its mean and standard deviation. If the 
mean oscillation frequency differed more than 0.1 Hz from the required 
frequency in more than 20% of the frequency bins, or if its standard deviation 
was greater than 0.2 Hz in more than 20% of the frequency bins, the collected 
data were deleted and the trial was rerun. Participants were allowed to practice 
each experimental condition before it was run until they had met these task 
requirements, up to a maximum of 10 practice trials. Three participants were 
excluded from further participation. Two of them did not meet the task 
requirements within 10 practice trials and one participant was unable to perform 
the AP pattern. The mean number of practice trials performed by the remaining 
9 participants was 13.9 (range 8–22) and the mean number of rerun trials was 
9.9 (range 4–21) (see Table 2.1). 

 
Table 2.1. Mean number of practice and rerun trials for each condition. The minimal 
and maximal numbers of trials are given between parentheses. 
 IP-NF AP-NF IP-CF AP-CF IP-MF AP-MF 
Practice 1.0 (1-1) 1.9 (1-4) 1.9 (1-4) 2.1 (1-3) 2.8 (1-8) 4.2 (2-9) 
Rerun 0.3 (0-2) 1.7 (0-4) 1.1 (0-3) 2.4 (1-6) 1.6 (0-5) 2.7 (0-6) 

IP = in-phase, AP = antiphase, NF = no feedback, CF = correct feedback, and MF = 
mirrored feedback 

 
Before each trial, participants were instructed to assume the correct initial 

hand position and to hold their head as still as conveniently possible until the 
end of the trial. Subsequently (i.e., also before each trial), point of gaze 
measurements were calibrated using a 9-point calibration field, which covered 
80% of the image of the scene camera. 

 
Data analysis 

Preprocessing 
Potentiometer data (hand movement) and LED coordinates (target and feedback 
signal) were transformed into degrees and low-pass filtered (bi-directional 
fourth-order Butterworth filter, cut-off frequency 15 Hz). The first cycle of 
every frequency bin of the filtered time series was excluded from analysis to 
eliminate possible transient effects following the increases in frequency. From 
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the nine remaining cycles of each bin, peaks were extracted for the estimation of 
cycle frequency, movement amplitude and point estimate of relative phase (see 
below). Vertical and horizontal point-of-gaze data were also low-pass filtered 
(bi-directional fourth-order Butterworth filter, cut-off frequency 15 Hz). 
 
Analysis of tracking performance 
Based on the angular position time series of the hand, the following performance 
measures were calculated for each frequency bin: mean and standard deviation 
(SDTF) of the tracking frequency (defined as the inverse of the period between 
two consecutive extension peaks, in Hz), mean amplitude (defined as the 
difference between mean left and right peaks divided by two), and the spatial 
variability (SD) of left and right peaks. 

Tracking accuracy was determined for each frequency bin by calculating 
the root mean square (RMS) of the continuous spatial error between target and 
hand movement, as obtained by subtracting the actual position from the required 
position (for all AP conditions the target signal was inverted prior to this 
subtraction; cf. Russell & Sternad, 2001). 

In addition, point estimates of the relative phase (φp in °) between the 
target signal and the hand movements were calculated using the peaks in the 
target signal (T) and the hand movements (H): φp was determined for every peak 
in the target signal, resulting in two estimates of relative phase per movement 
cycle. These estimates were defined as (t(Tn) – t(Hm)) · 180°/(t(Hm+1) – t(Hm)), 
where t refers to the moment in time at which a given peak was attained and m 
and m + 1 refer to the indices of the two peaks in the hand signal between which 
the peak of interest in the target signal (indexed by n) was situated in time (cf. 
Peper & Beek, 1998). By ensuring that both T1 and H1 were left peaks, φp could 
be determined unambiguously for all subsequent peaks. Using circular statistics 
(Burgess-Limerick, Abernethy, & Neal, 1991), the mean direction of φp and its 
uniformity R (a measure of variability on the unit interval [0, 1]) were calculated 
for each frequency bin (cf. Mardia, 1972; Mardia, Kent, & Bibby, 1979). In 
order to submit the data to inferential tests based on standard normal theory, R 
was transformed to the range 0-1 using TCV = )ln(2 R− , where TCV is the 
transformed circular variance (cf. Mardia, 1972), which is analogous to the 
sample standard deviation (with high values reflecting large variability). 

The behavior within each bin was categorized as either stable or unstable. 
Behavior within a bin was considered stable when: (a) the mean oscillation 
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frequency differed less than 0.1 Hz from the required oscillation frequency; (b) 
its SDTF was smaller than 0.2 Hz; (c) TCV was smaller than 31.5°; and (d) φp 
fell within a tolerance range of ±45° around the required phase relation (i.e., 0° 
or 180° for IP and AP tracking, respectively) or, alternatively, around the mean 
φp as obtained for the first bin (cf. Peper & Beek, 1998). The latter qualification 
was necessary because the actual phase relation in the first frequency bin often 
differed considerably from the required phase relation (on average -20.6°). 
However, the initial phase shift never exceeded ±55°, implying that the 
performed phase relation in the first frequency bin was always much closer to 
the required phase relation (i.e., 0° and 180°) than to the other coordination 
pattern (i.e., 180° and 0°, respectively).  

The frequency of the first bin for which these requirements were not met 
was defined as the critical frequency, regardless of whether or not a transition to 
another stable phase relation occurred (i.e., critical in the sense of loss of 
stability, cf. Peper & Beek, 1998). If the stability criteria were satisfied in all 
frequency bins, a critical frequency of 3.0 Hz (i.e., the frequency of the next 
‘virtual’ frequency bin) was assigned to the trial. Furthermore, the percentage of 
trials for which stability was eventually lost was determined for each condition. 
In case stability was lost, the same criteria were used to determine whether this 
was followed by a transition to stable performance of the other coordination 
pattern (i.e., IP or AP). The percentage of trials for which such a phase transition 
occurred was determined per condition.  

 
Point-of-gaze analysis 
The vertical distance between the target and feedback signal on the LED bows 
was 9.40 cm. For the vertical point-of-gaze excursions the percentages of time 
were determined for which the point-of-gaze was directed at specific regions of 
the stimulus display. Three vertically ordered, adjacent (non-overlapping) 
regions were defined: TARGET (a range of ±2.35 cm centered around the target 
signal); FEEDBACK (a range of ±2.35 cm centered around the feedback signal); 
and CENTER (a range of ±2.35 cm centered around the vertical center between 
the target and feedback signal). Vertical point-of-gaze excursions outside these 
regions, which mainly occurred as a result of head movements during the trial, 
were considered as lost data (6.9% of all data). A frequency bin was excluded 
from further analysis when more than 10% of the data was lost. 
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The frequency content of the horizontal point-of-gaze excursions was 
analyzed by computing the power spectral density for each frequency bin. To 
enhance the reliability of the power estimation, the five trials in each condition 
for every participant were concatenated (without disrupting the phasing of the 
oscillations) resulting in a fivefold increment of the time series duration. Power 
spectra were estimated by applying a discrete Fourier transform algorithm using 
Welch’s averaged periodogram method for power estimation with a 95% 
confidence interval. The length of the Hanning window was set at six periods 
(i.e., six times the inverse of the oscillation frequency) with 95% overlap. For 
each window the data were detrended prior to the power estimation. The spectral 
estimates were normalized by dividing them by the integral of the power 
estimation with respect to the frequency (using the trapezoidal method for 
integration), which resulted in a probability distribution with an integral of 1. 
From the resulting power spectral density, the probability that horizontal point-
of-gaze excursions oscillated at the target frequency was determined for each 
frequency bin and for each condition by computing the integral over a 0.1 Hz 
interval centered around the target frequency (i.e., target frequency ±0.1 Hz). If 
this probability (PT) was 0.20 or higher (this choice was based on detailed 
inspection of the data), the horizontal point-of-gaze excursions were considered 
to be frequency-locked with the target signal. 

If there was no tendency for frequency-locked gaze excursions at 
approximately the required oscillation frequency (i.e., PT < 0.20 at an interval of 
±0.1 Hz around the target frequency), the mean horizontal point-of-gaze (°) was 
calculated. When its SD was smaller than 2.5° (reflecting a fixed gaze), the 
horizontal point-of-gaze was assigned to one of three groups, viz. LEFT, CENTER, 
and RIGHT, defined by regions of ±10° centered around -20° (left target turning 
point), 0° (center) and +20° (right target turning point), respectively. For these 
groups, the difference between left and right maximal excursion variability of 
the hand movements was evaluated with a two-tailed paired samples t-test (p < 
0.05) to examine potential anchoring effects. 
 
Statistical analysis 
To determine the effects of the factors tracking mode, feedback, and frequency, 
most dependent variables were submitted to repeated measures analyses of 
variance (ANOVAs). For each dependent variable the median value of the five 
trials run per condition per participant was used in order to reduce the influence 
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of outliers. Since transitions could (and did) occur as early as the second 
frequency bin, the factor tracking mode was only examined for the first 
frequency bin using a 2 (Tracking Mode) × 3 (Feedback) ANOVA. In addition, 
the effects of feedback and frequency were examined using a 3 (Feedback) × 10 
(Frequency) ANOVA. In the remainder of this article, these ANOVAs are 
referred to as the 2 × 3 ANOVA and 3 × 10 ANOVA, respectively. If the 
assumption of sphericity was violated, then the degrees of freedom were 
adjusted using the Huynh-Feldt method (Girden, 1992). In this case, the adjusted 
degrees of freedom are reported. Besides significant effects (p < 0.05), also 
tendencies towards significance (p < 0.10) are reported. Paired-samples t-tests (p 
< 0.05) were used for post hoc analyses. Effect sizes were calculated as partial 
eta squared values ( 2

pη ). Unless stated otherwise, interindividual (n = 9) means 
are reported. 
 

Results 
Tracking performance 

Increase of frequency 
To examine whether participants adequately increased their tracking frequency, 
Pearson’s product moment correlations (r) were calculated between the target 
frequency and the actually performed frequency for all 270 trials (30 trials per 
participant). Without exception, r ranged between 0.98 and 1.00. Participants 
increased their movement frequency with the target frequency. 
 
Tracking accuracy 
The 2 × 3 ANOVA on the RMS of the continuous error between the required 
hand movement and the actually performed hand movement revealed a 
significant effect of feedback, F(1.54,12.3) = 9.81, p < 0.005, 2

pη  = 0.55. Post 
hoc analysis showed that the mean RMS error values for the three feedback 
conditions all differed significantly from each other (NF = 12.1°; CF = 6.9°; MF 
= 9.0°). The Tracking Mode × Feedback interaction was also significant, F(2,16) 
= 5.47, p < 0.05, 2

pη  = 0.41 (see Figure 2.3A). Post hoc analysis revealed that 
with MF the RMS error was smaller for AP than for IP tracking, whereas with 
CF the opposite effect was observed. For AP tracking, the RMS values were 
smaller in the CF and MF condition than in the NF condition, without a 
significant difference between the CF and MF condition. In contrast, for IP 
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tracking only the CF condition resulted in smaller RMS error values (see Figure 
2.3A), without a significant difference between the NF and MF condition. 

The 3 × 10 ANOVA showed that the RMS error increased significantly 
with increasing target frequency (see Figure 2.3B), F(4.11,32.9) = 63.2, p < 
0.001, 2

pη  = 0.89, indicating that tracking became less accurate. In addition, the 
effect of feedback was significant, F(1.52,12.1) = 10.0, p < 0.005, 2

pη  = 0.56. 
Post hoc analysis revealed that the RMS error was larger without than with 
feedback (NF = 18.5°; CF = 12.9°; MF = 13.5°), in the absence of a significant 
difference between the CF and MF condition. 

 

Figure 2.3. Mean RMS (in °) of the continuous positional error between required and 
performed hand movements. (A) Mean RMS during the first frequency bin (i.e., 1.0 Hz) 
for each mode-feedback condition. Error bars denote the standard error. (B) Mean 
RMS for each frequency bin and feedback condition. 

 
Tracking stability: Mean and variability of initial φp  
As already mentioned, participants started out performing the required phase 
relation with a substantial phase shift in the first frequency bin. In 99.3% of 
trials, the wrist oscillations were leading the target signal in time (i.e., φp < 0). 
These phase shifts may have been due to the asymmetry in the experimental 
setup, involving the coordination between a hand and an oscillating visual signal 
(cf. Peper & Beek, 1998; see also, Jeka & Kelso, 1995; Kelso, DelColle, & 
Schöner, 1990). The 2 × 3 ANOVA on the mean initial φp revealed a significant 
Mode × Feedback interaction, F(1.63,13.04) = 4.57, p < 0.05, 2

pη  = 0.36. Post 
hoc analysis revealed that the shift for the AP-MF condition (-19.5°) was 
significantly smaller than that for the IP-MF condition (-25.2°). With correct 
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feedback, a tendency (p < 0.10) in the opposite direction was observed in that 
the mean initial φp for the IP-CF condition (-14.1°) was somewhat smaller than 
for the AP-CF condition (-23.2°). Thus, the phase shift was reduced when 
synchronization of target and feedback signal was required, as in the IP-CF and 
AP-MF condition. There was no substantial difference in mean initial φp 
between IP and AP tracking without feedback (IP-NF: -21.8°; AP-NF: -19.5°). 
These effects of the feedback conditions indicated that tracking performance 
was affected by the resulting visual motion structures. 

The 2 × 3 ANOVA on the transformed circular variance of φp between 
target and hand movement (TCV) only revealed a significant effect of tracking 
mode, F(1,8) = 13.2, p < 0.01, 2

pη  = 0.62: IP tracking was less variable than AP 
tracking (IP: 13.2°; AP: 14.9°). 
 
Tracking stability: Loss of stability 
In all AP trials (except one AP-MF trial), irrespective of the feedback 
conditions, the stability of the required phase relation was eventually lost. In 
contrast, according to the adopted stability criteria, the required pattern was 
performed stably throughout the trial in 13 (28.9%) of the IP-NF trials, 7 
(15.6%) of the IP-CF trials, and 10 (22.2%) of the IP-MF trials. Since these 
numbers did not differ significantly from each other, χ2(2) = 1.80, p > 0.05, they 
did not depend significantly on the feedback manipulation. 

The 2 × 3 ANOVA revealed that the critical frequencies obtained for the 
IP trials (2.59 Hz) were significantly higher than those obtained for the AP trials 
(1.74 Hz), F(1,8) = 58.3, p < 0.001, 2

pη  = 0.88 (Figure 2.4A). Also the effect of 
feedback was significant, F(2,16) = 4.87, p < 0.05, 2

pη  = 0.38. The critical 
frequency was significantly higher in the MF condition (2.32 Hz) than in the NF 
and CF conditions (NF: 2.16 Hz; CF: 2.01 Hz), in the absence of a significant 
difference between the latter two conditions (Figure 2.4A). 
 
Tracking stability: Transitions 
In a follow-up analysis, it was examined whether the loss of stability in the AP 
and IP trials was followed by a transition to the other tracking mode. According 
to this analysis, loss of stability of the required coordination mode was followed 
by a transition to the IP pattern in 34 (75.6%) of all AP-NF trials and in 31 
(68.9%) of all AP-CF trials. A significant decrease was observed for the AP-MF 
condition, χ2(2) = 7.46, p < 0.05, where only 15 (33.3%) of all trials were 
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followed by a transition to IP tracking (Figure 2.4B). A similar analysis on the 
IP-NF, IP-CF and IP-MF trials revealed no transitions to AP tracking. 
 

Figure 2.4. Tracking stability. (A) Mean critical frequency and standard error for each 
experimental condition. (B) Percentage of trials in which a transition from AP to IP 
tracking was observed (no transitions from IP to AP tracking were observed). 
 

Point-of-gaze behavior 

Vertical point-of-gaze excursions 
For the first frequency bin, the percentages of time that the vertical point-of-
gaze was directed at the TARGET, CENTER, and FEEDBACK regions were 
determined. With regard to the percentage of time spent at the TARGET region, 
the 2 × 3 ANOVA revealed a significant effect of feedback, F(1.85,14.8) = 8.20, 
p < 0.005, 2

pη  = 0.51. Without feedback, point-of-gaze was directed at the 
TARGET region for 97.2% of the time, whereas with feedback a significant 
decrease in this percentage was observed (CF: 57.0%; MF: 79.2%). The 
Tracking Mode × Feedback interaction was also significant, F(2,16) = 4.17, p < 
0.05, 2

pη  = 0.34 (see Figure 2.5). Post hoc analysis showed that with mirrored 
feedback the percentage of time that the vertical point-of-gaze was directed at 
the TARGET region was significantly smaller for AP tracking (61.6%) than for IP 
tracking (96.8%). In the IP-MF condition, participants tried to ignore the 
feedback signal by focusing on the target signal, which is consistent with the 
remark of the participants that the mirrored feedback during in-phase tracking 
was “annoying, rather than helpful”. For AP tracking significantly smaller 
percentages were found for the CF (56.8%) and MF (61.6%) condition than for 
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the NF condition (96.1%), whereas for IP tracking only a significant decrease 
for the CF condition (57.2%) was found compared to the NF (98.3%) and MF 
(96.8%) condition, which did not differ significantly from each other. Identical 
analyses for the CENTER and FEEDBACK regions only revealed a significant effect 
of feedback for the percentage of time that the vertical point-of-gaze was 
directed at the CENTER region, F(1.30,10.4) = 8.88, p < 0.01, 2

pη  = 0.53, which 
was smaller for the NF condition than for the CF and MF conditions (Figure 
2.5). 
 

Figure 2.5. Percentage of time that the vertical point-of-gaze position was directed at 
the TARGET, FEEDBACK, and CENTER region, presented for each experimental condition. 

 
Horizontal point-of-gaze excursions 
Frequency-locked horizontal point-of-gaze excursions occurred in 17.1% of all 
frequency bins and were confined to the first four frequency bins (see Figure 
2.6). Detailed inspection revealed that these frequency-locked point-of-gaze 
excursions were nearly synchronized with the oscillating target signal. Only six 
participants exhibited such horizontal point-of-gaze oscillations; the other three 
participants did not follow the target signal at all. 

When gaze oscillations were absent, participants generally maintained a 
fixed point-of-gaze. The percentage of frequency bins for which the mean 
direction of the horizontal point-of-gaze was more or less stationary (i.e., SD < 
2.5°) increased with increasing target frequency (see Figure 2.6). For these 
frequency bins, the mean direction of the horizontal point-of-gaze was classified 
as LEFT, CENTER, or RIGHT (see Table 2.2). When averaged over all experimental 
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conditions, the horizontal point-of-gaze was least directed at the RIGHT region, 
χ2(2) = 6.74, p < 0.05 (LEFT: 22.9%; CENTER: 29.9%; RIGHT: 12.8%). Also for 
the IP-NF condition, the percentage of RIGHT classifications was significantly 
smaller than the other two percentages, χ2(2) = 9.53, p < 0.01. For the AP-CF 
condition, point-of-gaze was directed at the CENTER region in a significant 
majority of the frequency bins, χ2(2) = 28.6, p < 0.001.  

Figure 2.6. Percentage of frequency-locked and fixed horizontal point-of-gaze for each 
frequency bin, averaged over conditions and participants 

 
Figure 2.7 depicts the normalized power spectral density of the horizontal 

point-of-gaze excursion for each experimental condition, averaged over the six 
participants showing frequency locking. The 2 × 3 ANOVA on PT – the 
probability of horizontal point-of-gaze oscillations at the target frequency, as 
determined for those six participants – revealed that these oscillations were more 
probable during the IP trials (0.53) than during the AP trials (0.35), F(1,5) = 
24.3, p < 0.005, 2

pη  = 0.83. The Tracking Mode × Feedback interaction tended 
towards significance, F(2,10) = 3.26, p < 0.10, 2

pη  = 0.39, because for both the 
NF and CF condition, PT was higher for IP than for AP tracking, whereas for the 
MF condition PT was similar for both tracking modes (see Figure 2.7). For AP 
tracking, PT was higher for MF (0.45) than for NF (0.34) and CF (0.25), whereas 
for IP tracking PT was similar for the three feedback conditions (NF: 0.54; CF: 
0.51; MF: 0.53). The frequency-locked gaze oscillations were most prominent 
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for the IP conditions and the AP-MF condition (requiring synchronization of 
target and feedback signal). 

 
Table 2.2. Mean percentages of frequency bins for which horizontal point-of-gaze was 
fixated at the LEFT, CENTER, or RIGHT region, for each experimental condition. 
 IP   AP   
 NF* CFns MFns NFns CF** MFns 

LEFT 24.2 17.6 20.0 26.9 24.0 24.9 
CENTER 29.8 26.0 25.6 25.1 46.2 26.7 
RIGHT 10.2 14.0 16.7 12.9 7.8 15.3 
χ2 significance levels are indicated: ns not significant, p > 0.05; *p < 0.01; **p < 0.001. 

 
The 3 × 10 ANOVA revealed that PT strongly decreased with increasing 

frequency, F(1.40,7.02) = 51.1, p < 0.001, 2
pη  = 0.91, as is visible in Figure 2.7 

in the form of a vanishing peak at the target frequency (see also Figure 2.6). 
There was a significant Feedback × Frequency interaction, F(3.93,19.7) = 3.30, 
p < 0.05, 2

pη  = 0.40, which resulted from a higher PT in the second frequency bin 
with MF. 

 
Visuomotor anchoring 
When gaze oscillations were absent, participants fixed their horizontal point-of-
gaze in the majority (65.6%, see also Figure 2.6) of the frequency bins. For each 
of these frequency bins, the mean direction of the horizontal point-of-gaze 
fixations was classified as LEFT, CENTER, or RIGHT (see Table 2.2). For each 
category, the endpoint variability (SD) of the left and right peak amplitudes of 
the hand movements was determined (see Table 2.3). Only IP trials were 
analyzed as most AP trials resulted in a transition to IP tracking with increasing 
frequency. The difference between left and right endpoint variability was 
examined for each condition and fixation region using a two-tailed paired 
samples t-test (p < 0.05). A similar analysis of the ocular pursuit frequency bins 
(i.e., the bins in which the eye movements were frequency-locked with the target 
signal) was conducted for comparison (PURSUIT in Table 2.3). 

As can be appreciated from Figure 2.8 (see also Table 2.3), anchoring 
effects were clearly evident for IP tracking without visual feedback (IP-NF). 
When participants fixated at the LEFT region (Figure 2.8A), the endpoint 
variability of the hand movements at the left was smaller than at the right, t(108) 
= 3.51, p < 0.001 (mean difference = 0.45°). Similarly, when participants fixated 
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at the RIGHT region (Figure 2.8B), right endpoint variability was smaller than left 
endpoint variability, t(45) = 6.84, p < 0.001 (mean difference = -0.82°). In 
contrast, when participants fixated at the CENTER region, the difference between 
left and right endpoint variability was not significant, t(133) = 1.67, p > 0.05, as 
was the case for ocular pursuit, t(69) = 1.20, p > 0.05. 
 

Table 2.3. Mean left (L) and right (R) endpoint variability (SD in °) for all in-phase (IP) 
conditions (i.e., NF, CF, and MF) for each point-of-gaze group (i.e., LEFT, CENTER, and 
RIGHT) and ocular pursuit (PURSUIT). 

 IP-NF  IP-CF  IP-MF  
 L R L R  L R 
LEFT 1.81° 2.26° * 1.57° 1.62° ns 2.37° 2.25° ns 

CENTER 1.90° 1.75° ns 1.57° 1.22° * 2.64° 2.04° * 
RIGHT 2.15° 1.33° * 1.86° 1.21° * 2.12° 1.64° * 
PURSUIT 2.35° 2.54° ns 1.96° 1.83° ns 3.36° 3.10° ns 

Per condition, the significance level of the difference between L and R endpoint 
variability is indicated for each gaze category. ns not significant, p > 0.05; *p < 0.001 

 
In the presence of visual feedback, these anchoring effects were partly 

altered. For both IP-CF and IP-MF tracking, when participants fixated at the 
RIGHT, right endpoint variability was significantly smaller than left endpoint 
variability, t(62) = 7.29, p < 0.001 (mean difference = -0.65°) and t(74) = 4.68,  
p < 0.001 (mean difference = -0.48°), respectively (see Table 2.3). When 
participants fixated at the LEFT region, however, no significant left-right 
differences were found in endpoint variability for both the CF and MF condition 
(Table 2.3). Also when participants were looking at the CENTER region, the 
results differed from those obtained for the NF condition. In this case, right 
endpoint variability was smaller than left endpoint variability, t(116) = 4.75,      
p < 0.001 (mean difference = -0.36°) and t(114) = 6.14, p < 0.001 (mean 
difference = -0.60°) for the IP-CF and IP-MF condition, respectively, just as for 
the right point-of-gaze direction. In addition, with ocular pursuit the difference 
between left and right endpoint variability was neither significant for the IP-CF 
condition (t(89) = 1.12, p > 0.05) nor for the IP-MF (t(69) = 1.21, p > 0.05) 
condition. 
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Figure 2.7. The normalized power spectral density of the horizontal point-of-gaze 
excursions (in Hz), averaged over the six participants showing frequency locking 
between point-of-gaze and target signal, for each frequency bin of each experimental 
condition. 
 

Discussion 
In the present experiment, we examined the effects of correct and transformed 
visual feedback of the hand movement on unimanual IP and AP tracking of an 
oscillatory visual stimulus using a transition paradigm. In particular, we 
investigated the effects of feedback on both tracking performance (accuracy and 
stability) and visual search behavior in light of specific expectations derived 
from previous research. 

 
Effects of feedback on tracking performance 

We expected the stability of rhythmic visuomotor tracking (with extrinsic visual 
feedback) to vary as a function of the directional compatibility between target, 
hand, and feedback movements (see Figure 2.2). Previously, researchers have 
shown that: (i) IP tracking is more stable than AP tracking (Peper & Beek, 1998; 
Wimmers et al., 1992); (ii) visual perception of the relative phase between two 
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rhythmically oscillating signals is more stable when they move in phase than 
when they move in antiphase (Bingham et al., 1998, 2001; Zaal et al., 2000); 
and (iii) transformed visual feedback resulting in coherently grouped, IP visual 
motion structures facilitates the performance of AP patterns of coordination, 
whereas IP patterns of coordination are not disrupted by transformed visual 
feedback resulting in AP visual motion structures (Bogaerts et al., 2003). We 
therefore expected AP tracking to stabilize with mirrored feedback and possibly 
to destabilize with correct feedback, in the absence of strong effects of feedback 
on IP tracking. This is largely what we found. 

The stability characteristics of IP and AP tracking underscored the 
differential stability of the two coordination patterns. The variability of φp for IP 
tracking was smaller than for AP tracking. In addition, about 25% of the IP trials 
were performed stably throughout the trial at the required phase relation, 
whereas for all AP trials except one the increase of frequency resulted in a loss 
of tracking stability. Furthermore, the critical frequency at which stability was 
lost was higher for IP than for AP tracking. These findings are consistent with 
those of previous studies on visuomotor tracking without feedback (e.g., Byblow 
et al., 1995; Peper & Beek, 1998; Wimmers et al., 1992). 

As expected, the stability features of IP and AP tracking dynamics were 
rather robust in that the effect of visual feedback on coordinative stability was 
quite small in most conditions, except the AP-MF condition. In this condition, 
coordinative stability was clearly enhanced as evidenced by a marked decrease 
in the percentage of phase transitions for this condition compared to the AP-NF 
condition. This finding is consistent with the observation of Bogaerts et al. 
(2003) that transformed visual feedback can aid the performance of antiphase 
coordination patterns when it results in coherently grouped visual motion 
structures. 

As regards tracking accuracy (as indexed by the RMS of the continuous 
tracking error), a slightly different picture was found. Without visual feedback 
there was no significant difference between the two tracking modes, whereas 
visual feedback had a positive effect on tracking accuracy when that feedback 
resulted in coherently grouped visual motion structures (i.e., in the IP-CF and 
AP-MF condition). Without feedback, visuomotor tracking was characterized by 
a systematic initial relative phase shift between target and hand movements, 
whereas the phase shifts were reduced in conditions in which target and 
feedback signal oscillated in phase (i.e., IP-CF and AP-MF condition relative to 
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the corresponding NF conditions). The marked improvement in tracking 
accuracy in the presence of movement-related feedback (Figure 2.3A) mainly 
resulted from a reduced offset in the performed hand excursions, whereas 
specific increments in tracking accuracy within feedback manipulations (i.e., for 
the IP-CF and AP-MF condition) were probably due to reduced phase shifts.  

Figure 2.8. Anchoring with different point-of-gaze directions for the IP-NF condition. 
For five frequency bins (1.0–2.6 Hz) the left (L) and right (R) endpoint variability (°) of 
the hand movements are presented (upper row), along with the normalized phase 
portraits (middle row) of target (i.e., perfect circle; dotted line) and hand movement 
(solid line) and point-of-gaze movement (lower row). Note that at low frequencies the 
eye movements are frequency-locked with the target signal. (A) Point-of-gaze directed 
to the left at higher frequencies, accompanied with lower endpoint variability at the left. 
(B) Point-of-gaze directed to the right at higher frequencies, accompanied with lower 
endpoint variability at the right. The data presented in A and B were obtained from two 
different participants. 

 
Visual search behavior 

The observed visual search patterns accompanying visuomotor tracking without 
and with correct and mirrored feedback were largely consistent with our 
expectations. As expected, smooth pursuit eye movements were observed at low 
oscillation frequencies, especially under experimental conditions in which target 
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and feedback signals moved in phase, whereas gaze fixations prevailed at the 
higher frequencies. This trade-off is clearly visible in Figure 2.6. Oscillatory 
(i.e., frequency-locked) gaze excursions were absent at frequencies higher than 
1.6 Hz, which roughly corresponds to the results of previous studies on ocular 
pursuit in visuomotor tracking (e.g., Koken & Erkelens, 1992; Leist et al., 1987; 
Mather & Putchat, 1983). 

In the absence of feedback, the frequency-locked ocular pursuit strategy 
may have allowed for continuous pickup of high acuity information about the 
target position. As can be appreciated from comparing the two upper panels of 
Figure 2.7, frequency-locked gaze excursions were less common in antiphase 
than in in-phase tracking, as was confirmed statistically for the first frequency 
bin. Thus, while researchers have previously shown that concurrent manual (in-
phase) tracking facilitated ocular pursuit compared to just visually tracking an 
oscillatory stimulus (e.g., Koken & Erkelens, 1992; Leist et al., 1987), the 
present results suggested that antiphase tracking hampered ocular pursuit. 
Furthermore, the transition from oscillatory to fixed gaze occurred earlier in 
antiphase tracking than when tracking in phase (see Figure 2.7). Apparently, the 
coupling between eye and hand movements has a directional signature or 
component. 

In mode-feedback conditions in which target and feedback signals moved 
in phase (i.e., IP-CF and AP-MF), ocular pursuit may have made visual 
information of both signals available at the fovea for the entire cycle (i.e., at low 
oscillation frequencies), which, by definition, is impossible in conditions in 
which target and feedback signal moved in antiphase (i.e., IP-MF and AP-CF). 
An increase in the probability of frequency-locked gaze excursions was found 
for the AP-MF condition compared to the other AP conditions. In addition, for 
the IP-CF and AP-MF condition, the probability peaks at the oscillation 
frequency were present for higher frequencies than for the corresponding NF 
conditions (Figure 2.7). At higher frequencies, ocular pursuit of the target or 
feedback signals was no longer effective due to the proportion of time spent 
making saccades (about 75 ms for each 30° saccade, see Leist et al., 1987) and 
the associated saccadic suppression for 100–150 ms (Matin, 1974). 
Consequently, participants changed strategy and watched the visual signals from 
a fixed orbital position. 

It was expected that the direction of (fixed) gaze would change across 
feedback conditions, depending on the relative phasing of target and feedback 
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signals. Analyses of the vertical gaze direction confirmed this expectation. 
Without feedback participants fixated their gaze at the target region, which is 
not surprising. With feedback, for both in-phase and antiphase tracking an 
increase in the proportion of time that the point-of-gaze was fixated at the center 
and feedback regions was observed. Similarly, there was an increase in the 
period of time that gaze was fixated at the center region in the AP-MF condition 
(Figure 2.5), which may have allowed for a direct visual comparison of target 
and feedback signal. Unexpectedly, for the IP-MF condition, the vertical gaze 
was nearly always (96.8% of the time) fixated at the target region. As 
mentioned, participants stated that they were trying to ignore the mirrored 
feedback in IP tracking as it was found “annoying, rather than helpful”, thereby 
effectively reducing the IP-MF condition to the IP-NF condition. This finding 
suggests that had participants attended to the mirrored feedback, performance 
would have been disrupted, in line with the theoretical position of Bingham and 
colleagues. Participants were, however, free to adopt any visual search strategy 
(i.e., there were no instructions with regard to eye movements). It is conceivable 
that the (positive and negative) effects of visual feedback on tracking 
performance may be increased by decreasing the vertical separation between 
target and feedback signal. Recently, Reed, Liu, and Miall (2003) found that 
vertical separation of target and feedback signals resulted in smoother but less 
accurate tracking, which they ascribed to less efficient spatial comparisons due 
to the restricted area of high acuity vision at the fovea. The vertical separation of 
target and feedback signals in the present study corresponded with their greatest 
vertical separation. This finding suggests that the present feedback 
manipulations may not have been optimal in this regard. 

The horizontal direction of gaze fixations also changed across feedback 
conditions (see Table 2.2). In the AP-CF condition, gaze was fixated more at the 
center than at the turning points of the visual signals. This may have allowed for 
an efficient pickup of relative phase information by comparing the relative 
positions of target and feedback signals when their velocity was maximal (i.e., 
half-way between the endpoints), coming from opposite directions twice every 
cycle. In addition, this visual search strategy may have (simultaneously) relied 
on peripheral vision, by employing a “visual pivot” (Williams & Davids, 1998), 
that is, a fixed point of gaze from where attention diffuses across the visual 
periphery allowing for a faster switch between areas of the visual field than with 
overtly foveating eye movements. Adopting such a visual pivot might also 
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benefit from the fact that peripheral vision processes motion-related information 
faster than foveal vision (cf. Milner & Goodale, 1995). In contrast, when 
fixating gaze at one of both endpoints, the phasing between target and feedback 
signals may be perceived with high acuity visual information, albeit only once 
every cycle. This strategy may have been particularly valuable for those 
conditions where target and feedback signals moved in phase. During the 
remainder of the oscillation, peripheral vision may contribute to the perception 
as well. Such gaze fixations on one of the endpoints may also have aided in 
tracking performance without feedback (see below). 

Three participants exhibited no oscillatory gaze excursions at all. This 
suggests that a fixed gaze strategy might suffice for visuomotor tracking. On the 
one hand, it may have been the case that these participants had adopted a more 
economical visual search strategy, and had learned to rely more on peripheral 
rather than foveal vision (cf. Huys & Beek, 2002). On the other hand, six 
participants only adopted this visual search pattern at higher target frequencies, 
which may imply that the visual search pattern adopted by the other three 
participants was in fact not optimal at low frequencies, as it reduced the 
proportion of time that high acuity information could be picked up. No 
meaningful comparison of tracking performance as a function of the adopted 
visual search strategies could be made due to the limited number of participants 
and substantial interindividual differences in tracking performance. In either 
case, non-trivial interindividual differences were present in the visual search 
patterns, suggesting that the adopted perception-action couplings varied non-
trivially across participants as well. 
 
Visuomotor anchoring phenomena 

From the outset, point-of-gaze fixations were expected to reflect informative 
kinematic regions and to be accompanied by anchoring phenomena as evidenced 
by reduced endpoint variability. The present data revealed anchoring effects as a 
function of gaze direction, most compellingly so in the NF condition. For this 
condition, right endpoint variability was smaller than left endpoint variability 
when participants fixated at the right, whereas the converse was true when 
participants fixated at the left (Table 2.3, Figure 2.8). Left and right endpoint 
variability was similar during gaze fixations at the center and when pursuing the 
target signal. These findings suggest that participants could actively create 
visuomotor anchors by fixating their gaze at one of both endpoints, allowing for 
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a reduction of the endpoint variability of the hand movements in that direction, 
although muscular properties may play into anchoring phenomena as well. The 
latter possibility may account for the observed differences in anchoring between 
the NF condition and the conditions in which visual feedback was provided. 
Although in the latter conditions gaze fixation at the right resulted in reduced 
right endpoint variability, this anchoring effect was also observed when gaze 
was directed at the center, while no anchoring was observed for gaze fixation at 
the left. This shift in the anchoring location towards the right (compared to the 
NF condition) may be related to the fact that, in order to align the feedback 
signal with the target signal, the observed leftward offset of the hand excursions 
in the NF condition was adjusted by a rightward shift of the hand excursions in 
the presence of movement-related feedback. Presumably, this rightward shift 
was accomplished by altering the relative contribution of antagonistic muscle 
groups (i.e., by increasing the active contribution of the wrist extensors and 
decreasing that of the wrist flexors to the hand excursions in right-handers). It 
may be that in contrast to the NF condition, the reduced endpoint variability 
(i.e., anchoring) in the feedback conditions was partly determined by the altered 
muscular configurations. 

Possible muscular contributions notwithstanding, the present findings go 
beyond previous studies (e.g., Beek, 1989; Byblow et al., 1994, 1995; Carson, 
1993) in showing that anchoring effects can be gaze-mediated. To our 
knowledge, such visuomotor anchoring phenomena have not been reported 
before. However, they testify to the intimate coupling between visual perception 
and motor control in perceptual-motor tasks, and may provide clues for both. 
For instance, the fact that the anchoring phenomena in visuomotor tracking were 
most prominent when looking at the endpoints implies that the information used 
in the control of tracking may have been of a discrete nature. At the same time, 
moving the eyes to a particular location – which often occurs before the hand 
does (e.g., Biguer et al., 1982; Helsen et al., 1998) – may be instrumental in 
guiding the hand to that location. In view of these possibilities, it would be 
interesting to further study the functional role of visuomotor anchoring in 
perceptual-motor tasks like tracking. In doing so, the offset of unconstrained 
(i.e., preferred) hand excursions should be taken into account in calibrating the 
movement-related feedback transformation in order to minimize the influence of 
changes in the relative contribution of muscle groups. 
 


