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A longstanding issue in motor control is whether the
processing of visual motor information is continuous or
intermittent (Carlton, 1992; Elliott, 1990; Thomson, 1980,
1983). This debate has its origins in traditional and con-
temporary models of human information processing and
their assumptions about discrete and continuous flow of in-
formation (Broadbent, 1958; Miller, 1988; Sanders, 1990).
The significance of the discrete versus continuous pro-
cessing debate has been neutralized of late by the real-
ization that the question can lead to false dichotomies
and that the answer is dependent on task specificity (Mul-
der & van Galen, 1995). Nevertheless, a continuing and
related challenge is to determine how intermittent visual
information is processed in the apparent continuous con-
trol of movement or force output (Elliott, 1990, 1992; El-
liott, Carson, Goodman, & Chua, 1991; von Hofsten &
Lee, 1982).

The predominant experimental approach to the inter-
mittent or continuous visual control of movement has been
to determine the minimal visual-processing time for limb
control (see the review by Carlton, 1992). The experiments
tend to follow variations of a protocol initiated by Wood-
worth (1899) with which the minimal movement time
that is uninfluenced by the absence or withdrawal of vi-
sion is investigated (e.g., Carlton, 1981; Keele & Posner,
1968; Vince, 1948). The estimates of the minimal visual-
processing time have decreased from Woodworth’s initial

estimate of 400 msec, so that the contemporary position
is that it is much less than a visual reaction time and on
the order of about 100 msec (Smith & Bowen, 1980; Ze-
laznik, Hawkins, & Kisselburgh, 1983).

Clearly, the estimate of minimal visual-processing time
is influenced by the nature of the movement task and the
experimental strategy used to measure the influence of 
the visual input (e.g., accuracy measures, determination
of an amendment to the ongoing movement trajectory,
and so on). The discrete visual-processing paradigm tends
to emphasize the determination of the minimal feedback
loop time that influences the control of movement kine-
matics, but this approach does not rule out the possible
feedforward anticipatory uses of vision (Khan et al.,
2003). Indeed, in many tasks, both feedback and feed-
forward processes are in effect, and so visual motor con-
trol involves multiple processes and time scales beyond
that of just reflecting the minimal movement time that is
uninfluenced by vision (Desmurget & Grafton, 2000;
Newell, Slobounov, Slobounova, & Molenaar, 1997).

Another approach to the assessment of the visual con-
trol of movement is to manipulate the intermittency of the
presentation of visual information in the maintenance of
a steady state position or force level (Slifkin, Vaillan-
court, & Newell, 2000). Here, the stability properties of
the action are highly reliable, and the change in the force
output or movement is minimal, both of which are fea-
tures that should enhance the speed of visual motor in-
formation processing. In addition, modern computer pro-
tocols allow the manipulation of the intermittency of
vision in such tasks over finely controlled temporal inter-
vals while, at the same time, affording precise measures
of the continuous motor output.

Slifkin et al. (2000) manipulated the intermittency
(frequency) of visual information presentation in an iso-
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In an experiment, we examined the effect of intermittency (from 25.6 Hz to 0.2 Hz) of visual infor-
mation on continuous isometric force production as a function of force level (5%, 10%, 25%, and 50% of
maximal voluntary contraction [MVC]). The amount of force variability decreased and the irregularity
of force output increased as a function of increased visual intermittency rate. Vision was found to have
an influence on the frequency structure of force output up to 12 Hz, and the 25% MVC force level had
more high-frequency modulations with higher rates of visual information. The effective use of inter-
mittent visual information is mediated nonlinearly by force level, and there are multiple time scales of
visual control (range, ∼0–12 Hz) that are postulated to be a function of both feedback and feedforward
control processes.
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metric force task, where the participant was attempting
to maintain a constant level of force output. The pres-
ence of visual information was manipulated over a range
from 0.2 to 25.6 Hz, and performance outcome improved
as the rate of presentation of vision increased from the
most intermittent (0.2 Hz) up to a 6.4-Hz feedback fre-
quency (about 160 msec). Spectral analysis showed that
vision had no impact on the frequency structure of force
output higher than about the 1-Hz range (see also Freund
& Hefter, 1993; Miall, Weir, & Stein, 1993), a finding
that is consistent with the long-held idea that there is a
memory buffer for the accumulation of visual informa-
tion before the amendment of movement (Adams & Dijk-
stra, 1966). These results led Slifkin and colleagues to
propose a model of isometric force control in which error
information is sampled at a rate of 6.4 Hz (every 160 msec)
and stored and, then, a motor correction is made once
per second (1 Hz) on the basis of the stored information.

There are a number of theoretical concerns with the
relation proposed by Slifkin et al. (2000) between the in-
termittency of visual input and that of the motor output.
First, the model was based on the findings of force out-
put at a single force level (40% maximal voluntary con-
traction [MVC]), and it has been shown that the level of
force output mediates nonlinearly the visually induced
modulations of force output (Slifkin & Newell, 1999,
2000). Furthermore, the inference that movement (force)
corrections can only be made at 1 Hz seems contrary to
the fact that modulations in movements and force output
can be made at much faster rates. Since there is generally
an inverse relationship between force amplitude and fre-
quency, it is possible that the modal 1-Hz component of
the model is a result of the moderate force level used in the
investigation, in that faster frequency force modulations
are more persistent and apparent at lower force levels.

The 1-Hz output of the model is further complicated
by recent findings from our laboratory, which show that
there is not a modal frequency of force output (Deutsch
& Newell, 2001; Mayer-Kress, Deutsch, & Newell, 2003;
Mayer-Kress & Newell, 2002). Rather, the force output
appears to be a fractal 1/f noise-like process containing
both deterministic and stochastic components at multi-
ple time scales (i.e., low and high frequencies). This
finding is consistent with a growing variety of other data
sets revealing 1/f-like cognitive motor processes (Gilden,
Thorton, & Mallon, 1995; Ward, 2002).

The purpose of this investigation was to examine
(1) the generalization of Slifkin et al.’s (2000) vision in-
termittency model across a range of submaximal force
levels and (2) the effect of visual intermittency on the
multiple time scales of continuous force output. In order
to address these empirical questions, participants were
asked to produce isometric force (force from essentially
no positional change of the limb) at four distinct constant
force levels (5%, 10%, 25%, and 50% MVC) with vary-
ing levels of visual intermittency ranging from 25.6 Hz
(40 msec) to 0.2 Hz (5,000 msec). The general hypothe-
sis tested was that the frequency structure of the inter-
mittent visual information will interact with force level

in determining both the amount and the structure of
force variability over multiple time scales. Specifically,
it was predicted that the amount of visual information
needed to maximize performance would be dependent
on force level, with lower magnitude force output being
modulated by higher rates of visual intermittency in a
1/f-like process.

METHOD

Participants
Eleven participants (4 males and 7 females) from the Penn-

sylvania State University community, with a mean age of 24.6 �
2.8 years, volunteered to take part in the experiment. All of the par-
ticipants were right-hand dominant, free of neuromuscular disease,
and had normal or corrected-to-normal vision. The participants per-
formed the task with their right index fingers. The participants
signed informed consent forms approved by the local Institutional
Review Board.

Apparatus
Each participant was seated approximately 60 cm in front of a

17-in computer monitor (Digiview), with his or her dominant hand
placed on the table. An Eltran EL-500 load cell (diameter, 1.27 cm)
that measured compressed forces with an accuracy of 0.0015 N was
fixed 45 cm in front of the participant’s midline. The voltage out-
put of the load cell was amplified by a Coulbourn (V72-25) resis-
tive bridge strain amplifier with an excitation voltage of 10 V and
an amplifier gain of 100 and then was sampled at 100 Hz by a 16-
bit A/D board. The computer monitor had a viewing area of 800 �
600 pixels and a dot pitch width (the width of each pixel) of
∼0.07 mm. The display to control gain was set at 50 pixels/N.

During each trial, the participant produced force isometrically
with the distal phalanx of the dominant index finger to match a force
target that was displayed as a red horizontal line (1 pixel wide) span-
ning the width of the screen. Although no physical restraint was
used, the participant was instructed to keep his or her nonactive fin-
gers, forearm, and wrist flat on the table throughout the experiment.

Procedure
Estimation of maximal voluntary contraction. The participant’s

MVC strength was determined at the start of the experimental ses-
sion. The participant was instructed to produce the maximal
amount of isometric force possible by flexing the index finger. The
participant produced maximal force while pushing against the load
cell. The force applied to the load cell was displayed on the moni-
tor to provide visual feedback. Three 6-sec maximal contractions
were recorded, with a 30-sec rest between each contraction. The
participant’s MVC was determined to be the average of the highest
force produced in each trial.

Experimental design and instructions. Overall, the procedures
and equipment utilized were similar to those in Slifkin et al. (2000).
In brief, the participant adjusted his or her force output to match a
red target line displayed on the monitor and viewed on-line feedback
of his or her performance in the form of a series of yellow dots,
which corresponded to the force trajectory that moved from left to
right across the screen with time. Once presented, each yellow dot
stayed illuminated on the screen until 6 sec after the completion of
the trial. The target line corresponded to 5%, 10%, 25%, or 50% of
the participant’s MVC. The frequency at which the force trajectory
was displayed was experimentally manipulated. Eight distinct fre-
quencies of intermittent visual feedback (0.2 , 0.4, 0.8, 1.6, 3.2, 6.4,
12.8, and 25.6 Hz) were presented at each force level. For example,
in the 25.6-Hz condition, visual feedback corresponding to the
force output was presented every 40 msec, whereas in the 0.2 Hz
condition, visual information was presented every 5,000 msec.
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The left-hand column of Figures 1A–1D shows a representative
participant’s force output at a 10% force level at four different inter-
mittencies (25.6, 6.4, 0.8, and 0.2 Hz, respectively). The right-hand
column of the figure depicts the visual display presented to the par-
ticipant at each respective intermittency condition. Three 15-sec trials
were performed at each of the 32 unique force–frequency conditions.

Experimental sessions were held on two separate days in a 7-day
period. Each session consisted of two blocks of 24 trials of one high
(25% or 50% MVC) and one low (5% or 10% MVC) force level.
The eight frequency conditions were randomly presented within the
block of trials at each force level. In order to minimize fatigue, the
participant was given a 20-sec rest between trials.

The participant was instructed to minimize the deviations be-
tween the yellow force trajectory and the target line throughout all
the trials. The participant was presented a feedback score at the end
of the trial to encourage performance. The score was the root-mean
square (RMS) error and was calculated with [Σ(si � fi)2/n � 1]1/2,
where si is the ith value of the target, fi is the ith force sample, and
n is the number of data samples. It was based on the performance
during the last 10 sec of the trial.

Data Analysis
The initial 4 sec and the final 1 sec of force data from each trial

were removed prior to analysis to avoid the initial force stabilization
and/or premature cessation of force production. The 10 sec of force
data were lowpass filtered with a cutoff of 30 Hz (9th order Butter-
worth). All data processing was performed using software written
in Matlab 6.1 (Mathworks, 1999).

Measures of Task Performance
In order to assess task performance as a function of force and vi-

sual feedback, the mean, the standard deviation, and a measure of
information transfer of the force data were calculated. The signal-to-
noise ratio (mean/SD) was used as a measure of information trans-
fer (Slifkin et al., 2000).

Structure of Force Output
In order to examine how varying levels of visual feedback influ-

enced the structure of force output across separate force levels, both
time and frequency domain analyses were performed. The time do-
main structure of force output was assessed by approximate entropy

Figure 1. The force output of a representative participant at 10% maximal
voluntary contraction at four different rates of visual feedback (from top to
bottom: 25.6, 6.4, 0.8, and 0.2 Hz, respectively) is shown in the right column.
The straight line is the force target; the jagged line is the actual force output.
The intermittent visual feedback presented to the participant for each unique
feedback condition is shown in the left column.
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(ApEn; Pincus, 1991) and detrended fluctuation analysis (DFA)
(Peng et al., 1993). Spectral analysis was performed on the force
data in order to examine how the frequency structure of the force
signal changed with the intermittency of the visual feedback levels.
Since the calculation of ApEn and spectral analysis can be biased
by the presence of nonstationarities, the data were linearly de-

trended (i.e., the mean of the data was subtracted from the time se-
ries) prior to these analyses.

ApEn yields a single value that quantifies the regularity (com-
plexity) of a time series. A very regular signal, such as an ideal sine
wave, would have an ApEn value approaching 0, whereas a random
time series (white noise) would have a value close to 2. Thus, in-
creases in ApEn are said to reflect increase in the signal’s time do-
main complexity (Pincus, 1991). The appendix in Slifkin and Newell
(1999) provides a detailed explanation of how ApEn is calculated.

DFA detects long-range correlations in nonstationary data (Peng
et al., 1993). The full methods of how to calculate DFA have been
previously reported (Hausdorff et al., 1997). Briefly, the force sig-
nal is first integrated and then detrended. Next, the RMS of the
modified force signal is determined at different time scales. The
slope of the relationship between the RMS (fluctuation magnitude)
and the time scale is deemed the fractal scaling index (α). Impor-
tantly, α depends on the sequential ordering of the fluctuations
within the data, and not on their magnitude. If the force fluctuations
are random (i.e., completely independent), α would tend to a value
of 0.5. A value of 1.5 would suggest that the force signal was sim-
ilar to Brown noise. If the force fluctuations are correlated across
multiple time scales, the value of α would approximate 1. Previous
work has shown that constant isometric force produced with full vi-
sual feedback has an α of approximately 1.25 (Vaillancourt, Lars-
son, & Newell, 2003).

The power spectrum was computed using the PSD command in
Matlab 6.1 that uses Welch’s averaged periodogram method. A 256-
point nonoverlapping Hanning window was used, with a sampling
frequency of 100 Hz, resulting in a 0.39 Hz binwidth. The power in
each bin represented the amplitude of force oscillations that occur
at the frequency specified by the bin. Changes in power as a func-
tion of force level and visual information were calculated in two
distinct ways. First, the amount of power in 2-Hz bandwidths from
0–2 to 10–12 Hz was calculated. This frequency range accounted
for approximately 99% of the power within the spectrum. Second,
a power function of the form P � a ( f β ) was fitted to the spectral
profile. In this equation, β, the power function exponent scales
changes in spectral frequency ( f ) to changes in spectral power (P).
When plotted, β identifies the slope or rate of change of spectral
power as a function of spectral frequency within a spectral profile,
while a represents the y intercept (Lipsitz, 1995; Slifkin et al.,
2000). For the purposes of the present experiment, only β is of in-
terest, and as the power spectrum becomes more broadband, the
value of β will increase from negative values toward zero. Conse-
quently, spectral slope analysis provides a method by which to ex-
amine the global structure of force output.

Statistical Analysis
Each of the dependent variables discussed above was placed in-

dependently in a two-way (4 � 8) repeated measures analysis of
variance (ANOVA) with force level and visual intermittency as the
factors. When relevant, Tukey’s honestly significant difference
(HSD) test was used to determine the specific effects contributing
to the general ANOVA. All statistics were evaluated as significant
when there was less than a 5% chance of making a Type I error ( p �
.05). When a nonsignificant trend was observed, the effect size as
indexed by η2 was reported, which quantifies the proportion of vari-
ance that is accounted for by a change in a factor. Traditionally, η2

equal to or greater than .14 is interpreted as a large effect size
(Green & Salkind, 2003). All statistical analyses were completed
using Statistica statistical package (StatSoft Inc., Tulsa, OK).

RESULTS

Task Performance: Isometric Force Production
Maximal force output (MVC) ranged from 17.63 to

37.85 N (27.13 � 6.36 N). Figure 2A illustrates the finding

Figure 2. (A) Mean force output as a function of feedback in-
termittency for each force level. (B) Standard deviation of force
output as a function of feedback intermittency for each force
level. (C) Information transfer of force output as a function of
feedback intermittency for each force level. MVC, maximal vol-
untary contraction.
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that participants scaled their force output to the four target
levels [5% MVC (1.49 N) vs. 10% MVC (2.67 N) vs. 25%
MVC (6.75 N) vs. 50% MVC (12.5 N); F(3,30) � 140.4,
p � .05]. Further investigation of mean force output re-
vealed a two-way interaction between force level and visual
intermittency [F(21,210) � 3.93, p � .05]. The interaction
was found to be a result of an approximate 0.2–0.5 N de-
crease in mean force output as a function of decreased in-
termittency rates, but only at the higher force levels (25%
and 50% MVC).

The effects of visual intermittency on the standard de-
viation (SD) of force output are shown in Figure 2B. It is
clear from the figure that SD is greater in the higher
force levels [F(3,30) � 87.73, p � .05] and decreases as
a function of greater rates of intermittency [F(7,70) �
51.08, p � .05]. Statistical analysis also revealed an
interaction between force level and visual intermittency
[F(21,210) � 9.95, p � .05]. Post hoc analysis showed
that the level of intermittency at which SD was statistically
different from higher intermittency rates was dependent
on force level. For instance, in the lowest force level, SD

was greater in the 0.2-Hz intermittency condition than in
all the other intermittency conditions, whereas in the high-
est force task, all the conditions with intermittency rates
less than 3.2 Hz had larger SDs (see Figure 2A).

Figure 2C shows that information transfer increases
as a function of visual intermittency [F(7,70) � 63.14,
p � .05]. It is noticeable in the figure that the 25% MVC
task had the greatest information transfer [F(3,30) �
15.27, p � .05]. A force level � intermittency interaction
was also revealed by statistical analysis [F(21,210) �
4.46, p � .05]. This interaction was found to be due to 
the lack of a difference in information transfer between
force levels at the lower intermittency rates (0.2, 0.4, and
0.8 Hz) and the systematic force level effect at higher
rates of intermittency.

In summary, analysis of task performance revealed
three important findings. First, mean force output de-
creased a small but significant amount as a function of de-
creased intermittency of visual information, but only at the
higher force levels. Second, the visual intermittency rate at
which SD increased was dependent on force level. Third,
there was no difference between force levels in informa-
tion transfer at the smallest rates of intermittency. Over-
all, these results support the hypothesis proposed in the
introduction that visual motor processing is dependent
on the magnitude of force output. The amount of visual
information needed to maximize performance is depen-
dent on force level, with lower magnitude force output
being modulated by greater visual feedback frequency.

Structure of Force Output
Figure 3A shows that the irregularity (ApEn) of the

force output increases as a function of visual feedback fre-
quency across all force levels [F(7,70) � 107.32, p � .05].
It is also noticeable that the higher force levels are more
irregular and that there are minimal differences between
the two lower force levels [F(7,70) � 5.79, p � .05].

The findings of the ApEn analysis are congruent with
the DFA calculations, which are depicted in Figure 3B.
Specifically, the DFA scaling exponent decreased from
~1.5 to ~1.1 as the intermittency rate increased [F(7,70) �
86.9, p � .05]. This suggests that isometric force produc-
tion with minimal vision approximates Brownian motion
but has more significant long-range correlations at multi-
ple time scales when vision is available. In addition, it was
found that the lower force levels had a greater scaling ex-
ponent (1.39 and 1.38) than the higher force levels did
[1.34 and 1.31; F(3,30) � 6.60, p � .05].

To further examine the structure of the force output as
a function of visual information, a frequency analysis
was performed on the force output. Figure 4 shows two
representative power spectra of a single participant at
10% MVC at a high (25.6 Hz) and a low (0.2 Hz) rate of
visual feedback. The spectrum from the high rate of vi-
sual feedback is depicted as a solid line, while the low
rate of feedback spectrum is depicted with a dashed line.
The most obvious difference between the two spectra is
the large reduction in magnitude of power around 1 Hz

Figure 3. (A) Approximate entropy (ApEn) of force output as
a function of feedback intermittency for each force level. (B) De-
trended fluctuation analysis (DFA) fractal scaling index (α) of
force output as a function of feedback intermittency for each
force level. MVC, maximal voluntary contraction.
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with the decrease in rate of visual intermittency. In order
to quantify these changes in the force spectrum as a func-
tion of visual intermittency, spectral slope, as well as the
average amount of power in 2-Hz bandwidths from 0 to
12 Hz, was calculated.

The spectral slope gives a global index of the broad-
ness of the force spectrum, with a value closer to 0 being
relatively broader. Figure 5 shows that the spectral slope
becomes less negative with an increase in visual inter-
mittency rate (~�2.8 vs. ~�2.4) across all force levels
[F(7,70) � 26.80, p � .05]. Although it appears in the
figure that there is a main effect of force, with the 50%
force level having the largest (least negative) spectral
slope, it did not reach the traditional levels of signifi-
cance ( p � .11, η2 � .18).

The spectral slope analysis revealed that the force
spectrum became more broadband as visual feedback in-
termittency was reduced. This analysis is not informa-

tive about the frequency band within the spectrum in
which this broadening takes place. In order to find where
in the power spectrum vision influences the amount of
power, the average amount of power in 2-Hz bandwidths
was determined. Figures 6A–6F depict the average
power from 0 to 12 Hz in 2-Hz bandwidths as a function
of visual feedback frequency at all four force levels. For
aesthetic purposes, the power and intermittency rate
were transformed with a log10 transform in the figure.
As was expected, the higher force levels had greater
power in all bandwidths ( p � .05). Visual inspection of
Figure 6 also suggests that there was an influence of vi-
sual intermittency out to 12 Hz. Statistical analysis re-
vealed that there was a decrease in power with increased
visual intermittency rate in the 0- to 2-, 2- to 4-, 4- to 6-,
and 6- to 8-Hz bandwidths ( p � .05). Although not sig-
nificant, there was also a trend for an effect of vision in
the 8 to 10-Hz bandwidth ( p � .09, η2 � .16).

To further validate the effect of visual feedback on
specific regions of the force spectrum, linear regression
was performed. In Table 1, the intercept, slope, and per-
centage of variance accounted for (r2) for each regres-
sion equation are listed. Overall, it was found that de-
creasing intermittency of vision led to a decrease in
power (a negative slope) in all of the bandwidths up to
12 Hz. More specifically, decreasing intermittency was
found to decrease power up to 4 Hz for all the force lev-
els. Intermittency was found to have an effect only in the
6- and 8-Hz bandwidths for the 5%, 10%, and 25% MVC
conditions. Power decreased in the 10-Hz bandwidth
with decreasing intermittency only in the 10% and 25%
MVC conditions. Lastly, only in the 25% MVC condi-
tion was power decreased in the 12-Hz bandwidth as a
function of visual intermittency. It was also found that
vision accounted for a greater amount of variance in the
force spectrum at the 25% force levels (see Table 1). In
addition, Table 1 shows that the change in power as a
function of intermittency (i.e., the slope) was smallest at
the highest force level.

In order to further isolate the frequencies in the force
spectrum that are influenced by vision, the amount of
power in each 0.39-Hz bin from the frequency analysis
was calculated. The amount of power in all of the fre-
quency bins from 0.39 to 3.90 Hz was found to be influ-
enced by vision, so that increases in visual feedback rate
led to decreases in power in these bandwidths. In addi-
tion, power in the 5.85-, 6.63-, 7.09-, 7.41-, and 12.10-
Hz bands was found to statistically decrease with in-
creases in the visual intermittency rate ( p � .05).

The examination of the frequency structure of the force
signal as a function of force level and visual intermittency
revealed several important findings. It was observed that
there was greater magnitude of power at the higher force
levels. Coarse analysis with a bin resolution of 2 Hz
showed that power decreased as the visual feedback rate
increased up to 8 Hz, with the decrease in power being
most apparent at the 25% MVC condition. However, finer
resolution frequency analysis revealed that power in band-
widths from 0 to 3.90, 6 to 7.5, and 11.71 to 12.10 Hz de-

Figure 4. Frequency profile of a representative participant’s
(same as in Figure 1) force output at 10% maximal voluntary
contraction with a visual feedback rate of 25.6 Hz (solid line) and
0.2 Hz (dotted line).

Figure 5. Spectral slope (�) of force output as a function of
feedback intermittency for each force level. MVC, maximal vol-
untary contraction.
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creased as more visual information became available.
Congruent with the power analysis, examination of the
spectral slope showed that the force spectrum became
broader as a function of visual information. Overall,
these results are consistent with the postulation that vi-
sual motor processing is composed of stochastic and de-
terministic processes, which operate at frequency bands
up to 12 Hz, depending on the force level.

DISCUSSION

The experimental findings provide evidence that the vi-
sual motor processing of intermittent information is de-
pendent on the isometric force level. The visual control of
force output is organized by the multiple time scales of in-
fluence from 0 to 12 Hz, rather than being due only to a
low-frequency modal activity, as has previously been pro-

Figure 6. (A) Average amount of power in the force spectrum as a function of feedback in-
termittency at 10% maximal voluntary contraction (MVC) in the 0 to 2-Hz bandwidth.
(B) Average amount of power in the force spectrum as a function of feedback intermittency
at 10% MVC in the 2 to 4-Hz bandwidth. (C) Average amount of power in the force spectrum
as a function of feedback intermittency at 10% MVC in the 4 to 6-Hz bandwidth. (D) Aver-
age amount of power in the force spectrum as a function of feedback intermittency at 10%
MVC in the 6 to 8-Hz bandwidth. (E) Average amount of power in the force spectrum as a
function of feedback intermittency at 10% MVC in the 8 to 10-Hz bandwidth. (F) Average
amount of power in the force spectrum as a function of feedback intermittency at 10% MVC
in the 10 to 12-Hz bandwidth. 
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posed (Freund & Hefter, 1993; Miall et al., 1993; Slifkin
et al., 2000). The findings showed that force variability
decreased as a function of reduced intermittency of visual
information and that enhancement in performance was re-
lated to an increase in irregularity of the force signal and
a broadening of the force spectrum, both features of the
structure of variability that are signatures of multiple time
scales of control (Mayer-Kress et al., 2003; Mayer-Kress
& Newell, 2002).

Intermittent Visual Information and the
Amount of Force Variability

The higher intermittency rates of visual information,
or expressed another way, the reduced time intervals be-
tween the presentation of the visual information, led to a
reduction in the amount of force variability (Slifkin et al.,
2000). Enhancing the presentation rate of visual infor-
mation facilitated performance, but it did so at a nega-
tively accelerating rate. It appears that there was no addi-
tional enhancement of performance between the 12- and
the 25.6-Hz intermittent vision conditions, a finding that
is consistent with the long-held position that there is a
limit on the rate at which visual information can be pro-
cessed (cf. Carlton, 1992).

As was expected, the variability of force output was
dependent on force level (Slifkin & Newell, 1999, 2000).
The standard deviation of force was smaller at lower force
levels, and there was a systematic increase in variability

between the 5% and the 50% MVC conditions. However,
the results also showed that the signal-to-noise ratio (i.e.,
information transfer [M/SD]) had an inverted U-like trend
within the 5%–50% MVC conditions, in that the highest
signal-to-noise ratio was in the 25% MVC condition. This
is consistent with the findings from Slifkin and Newell
(1999, 2000) that showed that the peak signal-to-noise
ratio under a high-frequency presentation of visual infor-
mation condition was at about 30% of MVC. This rela-
tion held in the present experiment over all levels of in-
termittent information presentation, except when the
intermittency of visual information was at the lowest fre-
quency rates (0.2, 0.4 and 0.8 Hz) of presentation. Thus,
the processing of intermittent visual information interacts
with the magnitude of force production in determining
the amount of force variability.

Visual Information and the Structure
of Force Variability

A key focus of our study was an examination of the
structure of force variability (Newell & Slifkin, 1998) as
reflected in both time and frequency domain analyses of
the force output as a function of intermittency of visual
information. These analyses were consistent in revealing
how the intermittency of visual information interacts with
force level in determining the structure of force output.
The findings across the structure of variability analyses
showed that the presentation of less intermittent visual in-
formation (smaller time intervals of presentation) en-
hanced the complexity of the force signal. The force sig-
nal was more irregular in the time domain, with a smaller
DFA scaling index and a larger spectral slope as a function
of less intermittent information. All three of the functions
of the structure of force variability showed a negatively
accelerating rate of change with enhanced rate of visual
information presentation. Again, these effects were pres-
ent only at visual intermittency rates greater than 0.8 Hz,
and they interacted with force level. Thus, there was an
interaction of intermittency of visual information and
force level on the complexity of force output structure.

Comparison of the trends in the structure of force vari-
ability with those of the amount of variability (SD) shows
that there is not a one-to-one correspondence between
these variables (Slifkin & Newell, 1999). The structure
variables (ApEn, DFA, and spectral slope) showed a con-
tinuous effect of force level, whereas the signal-to-noise
ratio, as was discussed above, showed a discontinuity of
influence around the 25% MVC force level. This pattern
of findings across the variables shows that the relation be-
tween the magnitude and the structure of force variabil-
ity is not simply an inverse function and that the pattern
of distributional measures may not parallel those deter-
mined from time-dependent analyses. Also and impor-
tantly, they provide additional evidence for the central
hypothesis of this experiment, that there is an interaction
between intermittency of visual information and force
level in the control of force output.

Table 1
Linear Regression Coefficients for Amount of Power
in 2-Hz Bins as a Function of Visual Intermittency

Force Level
Bin (% MVC) Intercept Slope R2

2 Hz 5 �0.319 �0.355* .900
10 �0.064 �0.408* .825
25 0.562 �0.399* .896
50 1.34 �0.319* .860

4 Hz 5 �1.53 �0.167* .809
10 �1.28 �0.208* .940
25 �0.589 �0.210* .907
50 0.227 �0.107* .622

6 Hz 5 �2.17 �0.167* .809
10 �1.95 �0.087* .554
25 �1.18 �0.091* .659
50 �0.354 0.045* .583

8 Hz 5 �2.17 �0.072* .500
10 �2.33 �0.087* .554
25 �1.56 �0.081* .731
50 �0.711 �0.028 .115

10 Hz 5 �2.67 �0.040 .209
10 �2.48 �0.031 .144
25 �1.71 �0.095* .860
50 �0.857 0.032 .317

12 Hz 5 �2.95 0.005 .008
10 �2.68 �0.069* .810
25 �1.94 �0.086* .710
50 �0.974 0.010 .040

Note—MVC, maximal voluntary contraction. *Slope is significantly
different from 0 ( p � .05).
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Multiple Time Scales of Visual
Information Processing

The study provides strong support for the postulation
that there are multiple time scales of processing in the
visual control of force output and that these multiple
time scales lead to the interpretation of continuous con-
trol of force output (Mayer-Kress & Newell, 2002). The
central finding of the experiment was a triple interaction
in the average power of the frequency spectrum as a
function of information intermittency, force level, and
bandwidth of force output. Specifically, the effect of in-
termittency was less at the higher frequency bands, and
this effect also interacted with force level. There was a
nonmonotonic relationship between force level and the
effect of visual intermittency, since the amount of power
in the higher frequency bands was influenced by inter-
mittency only in the 10% and 25% MVC conditions.

Although most of the change in the power of the force
signal due to intermittency of visual information is in the
0 to 2-Hz bandwidth (Freund & Hefter, 1993; Miall
et al., 1993; Slifkin et al., 2000), there are significant ef-
fects of intermittency of visual feedback out to at least
12 Hz, although importantly, these effects are found only
in the 10% and 25% MVC conditions. Multiple time
scales of influence in force production are enhanced under
the less intermittent vision conditions and the higher lev-
els of force production. There is not a modal frequency
that drives the force output but, rather, multiple time
scales of influence, at least up to about 12 Hz, that are in-
fluenced by intermittency of visual information and
force level. The multiple time scales in the force signal
also arise from the more rapid cutaneous and proprio-
ceptive inputs, and it appears that visual information in-
tegrates with information from these sensory systems up
to at least 12 Hz.

It appears that presentation of less intermittent visual
information leads to the utilization of higher frequency
feedback and feedforward processes of force output
(Desmurget & Grafton, 2000). These processes cannot
be separated with the present experimental design and
analyses, and in principle, they may not be easily sepa-
rated in any protocol. Nevertheless, the present study
shows that the level of intermittent visual information in-
teracts with force level to modulate the strength of the
long-range correlations evident in the frequency struc-
ture of the force output.

In summary, the intermittency of visual information
interacts with force level in organizing the visual motor
processing of isometric control. And there are multiple
time scales of force output that are mediated by the inter-
action of force level and the intermittency of visual in-
formation. The multiple time scales of force output lead
to the interpretation of continuous control in force pro-
duction (Newell, Broderick, Deutsch, & Slifkin, 2003),
although the stochastic nature of this mode of control is
strongly influenced by the intermittency of visual infor-
mation and force level. In other words, the changing
probabilistic frequency structure of the force output gen-

erates a smooth trajectory of force over time and invites
the observation that visual control is continuous. This
observation is consistent with the position of Mulder and
van Galen (1995) that the question of continuous versus
discrete processing maybe a false dichotomy, at least in
an operational perspective.
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