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Studies of bimanual coordination have found that only two stable relative phases (0° and 180°) are
produced when a participant rhythmically moves two joints in different limbs at the same frequency.
Increasing the frequency of oscillation causes an increase in relative phase variability in both of these
phase modes. However, relative phasing at 180°is more variable than relative phasing at 0°, and when
the frequency of oscillation reaches a critical frequency, a transition to 0° occurs. These results have
been replicated when 2 people have coordinated their respective limb movements using vision. This
inspired us to investigate the visual perception of relative phase. In Experiment 1, recordings of human
interlimb oscillations exhibiting different frequencies, mean relative phases, and different amounts of
phase variability were used to generate computer displays of spheres oscillating either side to side in
a frontoparallel plane or in depth. Participants judged the stability of relative phase. Judgments covar
ied with phase variability only when the mean phase was 0° or 180°. Otherwise, judgments covaried
with mean relative phase, even after extensive instruction and demonstration. In Experiment 2, mean
relative phase and phase variability were manipulated independently via simulations, and participants
were trained to perceive phase variability in testing sessions in which mean phase was held constant.
The results of Experiment 1 were replicated. The HKBmodel was fitted to mean judgment standard
deviations.

Phase refers to the proportion of the cycle traveled at a
given time in a rhythmic motion. If the motion is repre
sented as a trajectory on the phase plane (i.e., a plot ofve
locity vs. position), then the phase is the angular coordi
nate of the motion (measured in degrees or radians). The
relative phase of two motions (e.g., the swinging of two
legs) is the difference ofthe two phases. A number ofstud
ies have shown that, when a person oscillates two equiva
lent limbs at a common frequency and each about a single
joint, then one of only two stable relative phase relations
is exhibited, either 0° or 180° relative phase (Kelso. 1984,
1995; Kelso, Schoner, Scholz, & Haken, 1987; Scholz,
Kelso, & Schoner, 1987; Schoner & Kelso, 1988; Tuller &
Kelso, 1989; Yaminishi, Kawato, & Suzuki, 1979, 1980).
For instance, Tuller and Kelso (1989) used two metronomes

Portions of this work were presented at the annual meeting ofthe Psy
chonomic Society. November 1996 (Bingham, Schmidt, & Zaal, 1996;
Zaal, Bingham, & Schmidt, 1996). The authors wish to acknowledge the
assistance of Michael Stevens in the data collection of Experiment I,
Michael Stassen in programming the simulations of Experiment 2, and
James Craig, Tim Lee, and an anonymous reviewer for valuable sug
gestions about methodology and analysis. Correspondence to should be
addressed to G. P. Bingham, Department of Psychology, Indiana Uni
versity, Bloomington, IN 47405 (e-mail: gbingham@indiana.edu).

to help participants to try to oscillate their left and right
index fingers at relative phases other than 0° and 180°. Par
ticipants coordinated each finger with one of the two
metronomes. They succeeded only in stably oscillating at
required relative phases of0° and 180° (i.e., at an in-phase
or antiphase relation). Otherwise, their mean relative
phase tended to deviate from that required, drifting toward
the closer of the two stable phases. Also the standard de
viation (SD) of relative phase was higher at phases other
than 0° and 180°.

Furthermore, Kelso (1984) has shown that a person os
cillating at 180° exhibits enough of an increase in the SD
of relative phase with increasing frequency of oscillation
that a switch to 0° relative phase occurs, and, at that point,
the SD drops to the level maintained by a 0° relative phase
oscillation. A person oscillating at 0° will not switch as
frequencies are increased.

This switching behavior inspired Haken, Kelso, and
Bunz (1985) to develop the HKB model ofbimanual co
ordination. As shown in Figure 1, the model is in the form
ofa potential function, V(cP), which represents the relative
amount of energy required to maintain coordinated oscil
lation at a given relative phase. Haken et al. used a phe
nomenological approach and wrote the potential function
with minima at 0° and 180° to fit the observed stabilities.
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HKB model: V(<j» = -a cos(<j» - b cos(2<j»

b-a= 1.0 .lz.-= 0.5
a

increasing frequency

.JL = 025a .

Figure 1. Illustration of the HKB model showing the form ofthe potential function and its
dependence on the ratio ofthe parameters. The ratio is used to capture changes in behavior
that occur with increasing frequency of oscillation. See the text for additional explanation.
After Kelso (1995).

The relative values of two parameters, a and b, determine
the exact form of the potential function and are used to
model the effect of increasing frequency ofoscillation. As
the ratio bla goes below .25, the minima at 180° phase is
eliminated, rendering the 180° phase unstable. The dy
namical model is written using relative phase (i.e., 4» as a
state variable rather than the positions and/or velocities of
the oscillating limbs. Haken et al. refer to 4> as an order
parameter and describe it as a macroscopic variable that
captures the organization in the behavior under study.
Given the relative success of the model, 4> would indeed
seem to be descriptively efficacious. Nevertheless, it re
mains unclear what role 4> plays in the organization and
control of the behavior. Might relative phase be perceived
and controlled? In the original experiments (e.g., Kelso,
1984), participants were told to perform oscillations at a
given relative phase (e.g., 0° or 180°). This implies that
relative phase is a property ofcoordinated movements that
participants can perceive, at least, well enough to know
that they are fulfilling the requirements of the task.

The supposition that relative phase is a perceptible
property is supported by results of a study in which the
two oscillating limbs were those of different people.
Schmidt, Carello, and Turvey (1990) asked 2 participants
to oscillate equivalent limbs in either 0° or 180° relative
phase as the frequency of oscillation was increased. This
study reproduced the interlimb behaviors found in previ
ous studies (e.g., increasing phase variability before
switching), but this time with the relation between the
limbs mediated by vision. In this case, relative phase must
have been a visible property. On the other hand, partici
pants have sometimes been unaware that relative phase
has deviated from that which they intend to produce. Be
cause the limbs being coordinated in the Schmidt et al.
(1990) study were those of 2 different people, they dif
fered in their inertia and, consequently, their inherent fre
quency of oscillation. This difference in inherent fre
quency of oscillation, captured as dw (= WI - w2) in a
revised HKB model (Fuchs & Kelso, 1994; Kelso & Jeka,

1992; Schmidt & Turvey, 1995), requires that both oscil
lators must move from their inherent frequency to oscil
late isochronously. This produces what is called fixed
point drift-the mean relative phase deviates from either
0° or 180°as the frequency ofoscillation is increased. Par
ticipants seemed to be unaware of this drift. Numerous
other studies (e.g., Bingham, Schmidt, Turvey, & Rosen
blum, 1991; Kelso & Jeka, 1992; Rosenblum & Turvey,
1988; Schmidt, Shaw,& Turvey, 1993; Sternad, Turvey,&
Schmidt, 1992; Turvey, Rosenblum, Schmidt, & Kugler,
1986) have replicated this effect by explicitly manipulat
ing dw through alterations of the inertial properties of the
two limbs. These studies have established that dw is an
other control parameter that manipulates the dynamics of
relative phase. In particular, these studies have shown that,
as the dw deviates from 0 (i.e., identical inertial loadings),
both the deviations from intended relative phase (0° and
180°) and relative phase variability increase.

While relative phase has been manipulated in past stud
ies investigating visual event recognition (e.g., Bertenthal
& Pinto, 1993; Johansson, 1950/1994), the visual percep
tion ofrelative phase as such has not been investigated di
rectly. The questions addressed by the present study were
motivated by results from human movement studies. If
people can use vision to maintain selected relative phases
of limb movement, does this mean that people can per
ceive relative phase, and, if so, how well? The most con
venient method by which to address this question would
have been to have participants make judgments of simu
lated oscillators in which the relative phase and phase
variability are manipulated. However, the variability of
relative phase in bimanual movements has been found to
be uniquely structured. Spectral analysis has revealed that
the power of the relative phase spectrum increases as llj,
that peaks occur at integer multiples of the oscillation fre
quency, and that these peaks decrease with increasing fre
quency (Schmidt, Beek, Treffuer,& Turvey, 1991).Because
it was unclear how to produce displays using simulations
that exhibit such properties, we began our investigation of
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the visual perception of relative phase by using recorded
kinematics ofbimanual rhythmic movements to create vi
sual displays.

We used the recorded motions of two representative
participants (Participants 4 and 7) in an experiment re
ported by Schmidt et al. (1993). In this experiment, par
ticipants oscillated two hand-held pendulums at one of
two intended phase relations, either 0° or 180°. As shown
in Figure 2A, the pendulums were wooden rods with metal
weights attached to the bottom ends and were oscillated by
holding the top ofeach rod firmly in a hand, which rotated
about the wrist with the forearm held level. As shown in
Figure 2B, three different pendulum lengths were used,
each by itself would yield its own inherent frequency of
oscillation determined by the simple equivalent pendulum
length. Pendulums of the three lengths were combined in
pairs to form five wrist-pendulum systems and, conse
quently, five Llwsas shown in Figure 2C. Relative phases
other than 0° and 180° were generated when participants
oscillated together pendulums of unequal lengths. As al-

ready described, this manipulation causes Llw-scaled de
viations from intended phases of 0° and 180° (Figure 3A)
as well as Llw-scaled increases in relative phase variabil
ity (Figure 3C). Because both relative phase variability
and relative phase deviation are scaled by Llw, the vari
ability and the deviation are positively correlated [r 2(28)
= .27, p < .01]. Participants also oscillated each wrist
pendulum system at each of three frequencies (0.80, 0.94,
and 1.15 Hz), which yielded frequency-scaled deviations
from intended phases of 0° and 180° (Figure 3B) as well
as frequency-scaled increases in relative phase variability
(Figure 3D). In all, the experiment had 2 intended relative
phases, 5 pendulum systems, and 3 frequencies of oscil
lation for a total of 30 conditions.

EXPERIMENT 1

Using displays generated via these recorded bimanual
rhythmic movements, we asked participants to judge how
well the movements were coordinated-that is, how stable
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Figure 2. (A) Illustration of the experimental arrangement reported in Schmidt et al.
(1993). The participant's legs were raised on a supporting chair so that the sonic digitizer
could record the motions of the ends of the wrist pendulums below the participant.
(8) Simple equivalent pendulum lengths and frequencies. (C) The configurations ofthe
five wrist-pendulum systems, including the pendulum frequencies and the resulting
mean relative phases for each ofthe two intended phases.
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Figure 3. (A) The mean absolute phase deviations that resulted for each of the five
wrist-pendulum systems oscillated either at an in-phase (filled circles) or an antiphase
(open circles) relation. (B) The mean absolute phase deviations that resulted at each ofthe
three frequencies when wrist pendulums were oscillated either at an in-phase (filled cir
cles) or an anitphase (open circles) relation. F1 = 0.799 Hz; F2 = 0.936 Hz; and F3 =
1.151 Hz. (C) The mean standard deviations of relative phase that resulted for each ofthe
five wrist-pendulum systems oscillated either at an in-phase (filled circles) or an anit
phase (open circles) relation. (D) The mean standard deviations of relative phase that re
sulted at each of the three frequencies when wrist pendulums were oscillated either at an
in-phase (filled circles) or an anitphase (open circles) relation. F1 = 0.799 Hz; F2 =
0.936 Hz; F3 = 1.151 Hz.

the relative phasing of the movement was. One group of
participants observed movements in the frontoparallel
plane, whereas another group observed movements oc
curring in the sagittal plane. Two circles oscillated on a
computer screen either side to side or in depth (i.e., ex
panding and contracting) as shown in Figure 4. Partici
pants were asked to judge on an II-point scale the level of
coordination of the movements defined as the amount of
phase variability. A highly coordinated movement with no
phase variability received a 10, and a highly variable
poorly coordinated movement received a O.

Methods
Participants. Thirteen undergraduates at Tulane University

judged displays of side-to-side movements. Fifteen undergraduates
at Indiana University judged displays of movements in depth. All

participants received credit in an introductory psychology course for
participation. All had normal or corrected-to-normal vision.

Display generation. Displays were programmed on a Macintosh
!Ici and shown on an Apple 13-in. color display. The program read
in the kinematic data from the Schmidt et al. (1993) study and used
them to generate the displays. The wrist-pendulum trajectories were
sampled at 90 Hz using an UltraSonic 3-Space Digitizer (Schmidt
et al., 1993). These time series were down sampled and used to gen
erate 10-sec displays shown at 33 Hz. Vertical and horizontal coor
dinates of planar motions of the ends of the pendulums were used.
Displays of side-to-side motions consisted oftwo bright dots (0.2 cm
in diameter) appearing in the center of an otherwise dark screen. The
dots represented the ends of the pendulum rods and moved horizon
tally along curved paths that were separated vertically by a distance
of 4 ern on the screen. Displays of motions in depth consisted of
bright rings (~I em in diameter) appearing in the center of the oth
erwise dark screen. One ring was 4 em above and 4 em to the left of
the other on the screen. The curvilinear motion of the ends of the
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Figure 4. Illustration ofthe displays for the two viewing condi
tions.

Results
We computed a mean and an SD of the coordination

judgments for each cell and participant. We first performed

pendulums in 3-space yielded via scaled orthographic projection
(e.g., Nalwa, 1993. p. 39) both expansion/contraction and vertical
translation of the rings on the screen. The amplitudes of motion of
each ofthe pendulums in a pair were variable depending on the pen
dulum system and the participant. Horizontal displacements for
side-to-side motions on the screen, for instance, ranged between 3
and 12 cm. Displays were viewed binocularly at a distance of about
I m in a dim room.

Procedure. The difference between mean phase and phase vari
ability was explained informally to the participants and illustrated
via hand movements showing that a 0° mean phase could be pro
duced either with low or high phase variability. The remainder ofthe
experiment was automated. The following instructions first ap
peared on the computer screen:

You will see two white dots moving on the screen. These represent two
coordinated rhythmic movements made by people moving their arms.
Wewould like you to judge how coordinated the movements are by mak
ing coordination judgments on a scale from 0 to 10. If the movements
are fully coordinated, they would receive a 10. If they are not coordi
nated at all they would receive a O.After you view a trial, a window will
appear in which you move a bar with the mouse to indicate your judg
ment. In order for you to understand what fully coordinated and not co
ordinated mean in terms of this task, you will see next three trials. The
first two will be fully coordinated, perfect inphase and perfect antiphase
coordination. and would receive a coordination judgment score of 10.
The third will be not coordinated at all and would receive a coordination
judgment score of O.Click on tbe Done button below to continue.

Next. the participants saw three demonstrations that consisted of
harmonic motions, either side to side or in depth as appropriate. The
first two were phase locked at 0° and at 180° (i.e., with no phase
variability). The last demonstration paired motions of unequal fre
quencies that resulted in phase "winding" (i.e., no stable phase rela
tion). The participants were allowed to view the demonstrations as
many times as they wished before proceeding. Finally, the partici
pants viewed and judged experimental trials. A response bar ap
peared after each display. Below the horizontal bar appeared a scale
from 0 to 10. The participants used the mouse and cursor to move
the marker on the bar to the value representing their judgment. They
were allowed to adjust the marker freely before double clicking the
mouse for the next display. Judgment values along the continuum
from 0 to 10 were recorded.

Displays were presented in a completely random order. Five sys
tems X 2 intended phases X 3 frequencies X 4 trials per cell yielded
a total of 120 trials that were performed in a session of 1.25 h.

analyses of variance (ANOYAs) on these values, with in
tended phase (in phase, antiphase), frequency (1-3), and
system (1-5) as within-subjects factors and with viewing
condition (side on, in depth) as a between-subjects factor.
First, we analyzed the means. Intended phase was not sig
nificant (p > .5). System was significant [F(2,52) = 10.8,
p < .001], as were the intended phase X system [F(4,104) =
25.5, p < .001] and viewing X intended phase X system
[F(4,104) = 5.4,p < .001] interactions. As shown in Fig
ure 5, the pattern of results was similar whether the view
ing was side on or in depth. Mean phases near 0° and 180°
(i.e., wrist-pendulum system 3 oscillated either in phase or
antiphase) were judged as maximally coordinated. As
mean relative phase deviated increasingly from 00or 180°,
the motion was judged as less coordinated. The decrease in
judgments was greater with deviations from 00 than with
deviations from 180°. When viewed in depth, 0° was
judged to be more coordinated than 180°, but not when
viewed side on. There was a main effect of frequency
[F(2,52) = 1O.8,p< .001], as well as significant frequency
X system [F(8,208) = 4.4,p < .001] and intended phase X

frequency X system [F(8,208) = 5.4, P < .001] interac
tions. As frequency increased, motions were judged to be
less coordinated. This effect was greater for intended in
phase motions than for antiphase motions.

When this same ANOYA was performed on judgment
SDs, only system [F(4,104) = 4.8,p < .002] and the in
tended phase X frequency interaction [F(2,52) = 7.0,p <
.01] were significant. As shown in Figure 6, SDs were
least for wrist-pendulum system 3 (i.e., for mean relative
phases near 0° and 180°). Judgment variability increased
as mean phases deviated from either 0° or 180°.

These analyses revealed that coordination judgments
ordered according to the deviations from intended relative
phases, decreasing as mean phases either increased or de
creased from 0° or 180°, respectively. However, as stated
above, relative phase variability and deviation covary. To
test how the combined judgments varied with mean rela
tive phase and phase variability, we performed a multiple
regression, regressing absolute phase deviations, phase
SDs, and frequencies on mean judgments. We also in
cluded independent categorical variables representing in
tended phase (in phase = - 1, antiphase = + 1) and view
ing condition (side on = -1, in depth = + 1) and vectors
representing interactions among these factors. We then it
eratively removed the factor with the smallest partial F
until only significant factors remained (Pedhazur, 1982).
The resulting regression accounted for 32% of the vari
ance [F(7,832) = 55.0,p < .001]. The significant factors
are shown in Table 1.Judgments decreased with increas
ing absolute phase deviation. Phase SD interacted with ab
solute phase deviation, yielding smaller coordination judg
ments especially when large phase variability occurred
with small absolute phase deviations. Increasing fre
quency ofmotions also yielded smaller coordination judg
ments for motions with either large absolute phase devia
tion or large phase variability. Intended antiphase motions
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Figure 5. (A) Mean judgments in the side-on viewing condition of Experiment 1
plotted as a function of mean relative phase of the display. Means plotted sepa
rately for each frequency: Fl = 0.799 Hz (open circles); F2 = 0.936 Hz (filled
squares); F3 = 1.151 Hz (open triangles). (B) Mean judgments in the in-depth
viewing condition of Experiment 1 plotted as a function of mean relative phase of
the display. Means plotted separately for each frequency: Fl = 0.799 Hz (open cir
cles); F2 = 0.936 Hz (filled squares); F3 = 1.151 Hz (open triangles).

(i.e., motions with mean phases near 180°)were judged as
less coordinated than intended in-phase motions (i.e., with
mean phases near 0°). This occurred more with motions
viewed in depth than with motions viewed side on.

Finally, we performed simple regressions, regressing
either absolute phase deviation or phase SD on mean judg
ments and on judgment SDs separately for each partici
pant.' The mean r 2 and the percentage of the analyses that
were significant at p < .05 or better are shown in Table 2.
The results confirmed the observation that judgments of
coordination were primarily determined by the extent to
which mean phases deviated from either 0° or 180°. If ei
ther 0° or 180° were judged as maximally coordinated,
then, by inference, 90° or 270° would be judged as least
coordinated. Phase variability only seemed to affect judg
ments when it occurred with mean phases near 0° or 180°.
The results were essentially the same whether the motion
was viewed side on or in depth.

A problem with Experiment 1 was that when we ex
plained the task to the participants, we had only shown
them motions at 0° and 180° mean phase as examples of
fully coordinated motion. It was possible that they in
ferred from this demonstration that only those mean rela
tive phases should be judged as coordinated. If so, then
the results were an artifact produced by the instructions.
Weperformed a control experiment to test this possibility.

We replicated Experiment 1 using the same displays
with only viewing in depth. We changed the instructions
in two ways to ensure that the participants understood that
motions with mean phases other than 0° or 180°should be
judged as coordinated if they exhibited low phase vari
ability. First, we used circular diagrams to explain the dif
ference between mean phase and phase variability. We
showed how motions around two circles could be at the
same mean phase (e.g., 90°) with different levels of phase
variability (low or high) and how motions with the same
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Figure 6. (A) Mean judgment standard deviations in the side-on viewing condi
tion of Experiment 1 plotted as a function of mean relative phase of the display.
Means plotted separately for each frequency: Fl = 0.799 Hz (open circles); F2 =

0.936 Hz (filled squares); F3 = 1.151 Hz (open triangles). (B) Mean judgment stan
dard deviations in the in-depth viewing condition of Experiment 1 plotted as a
function of mean relative phase of the display. Means plotted separately for each
frequency: Fl = 0.799 Hz (open circles); F2 = 0.936 Hz (filled squares); F3 =
1.151 Hz (open triangles).

level ofvariability could be at different mean phases (0° or
90°). We explained that judgments of coordination should
vary with the amount of phase variability, but not with
variations in mean phase. A motion at 90° mean phase
with low phase variability should be judged as highly co-

Table 1
Significant Factors Found in a Multiple Regression on
Judgment Means Including the Data of Two Viewing

Conditions, Side On and In Depth

Factor p f3 Partial F

PDev <.001 -.72 88.4
PSD x PDev <.05 .18 4.6
F x PDev <.03 -.36 5.2
F x PSD x PDev <.01 .43 7.1
lP <.01 .09 8.9
V x IP <.001 -.24 13.6
V x IP x PDev <.01 .19 8.2

Note-PDev. absolute phase deviation; PSD. standard deviation of
phase; F.frequency; Ip, intended phase; V, viewing condition.

ordinated. Second, among the demonstration displays il
lustrating highly coordinated motions, we included mo
tions with relative phases of 0°, 20°, 40°, 180°, 200°, and
220°.

Eight undergraduates at Indiana University participated
for introductory psychology course credit. None had par
ticipated in Experiment 1 and all had normal or corrected
to-normal vision.

As before, we computed a mean and an SD of the coor
dination judgments for each cell and participant. We com
bined the data from the in-depth viewing condition of Ex
periment 1with the control data and performed an ANaYA,
with viewing condition as a between-subjects factor and
with intended phase, frequency, and system as within
subjects factors. Neither viewing nor any of the viewing
interactions was significant. Otherwise, the results were
the same as in Experiment 1, as shown in Figure 7A. When
we performed the ANaYA on judgment SDs, neither
viewing nor any of its interactions was significant, and the
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Table 2
Mean Results of Simple Regressions Performed on the Data of Each Participant in Three Viewing

Conditions, Regressing Absolute Phase Deviations (PDev) or Standard Deviations of Phase (PSD) on Either
Judgment Means or Standard Deviations (SDs)

Judgment Means Judgment SDs

PDev PSD PDev PSDViewing
Condition n Mean r 2 Percent" Mean r 2 Percent" Mean r 2 Percent" Mean r 2 Percent"

Experiment 1 Side On 13
Experiment 1 In Depth 15

.35

.42
100
100

.05

.11
o

40
.12
.12

31
33

.02

.02
.8
o

Note-n = number of subjects. *Percent analyses p < .05 or better.

results were again the same as in Experiment 1, as shown
in Figure 7B.

We performed a multiple regression ofabsolute phase,
deviation, phase SD, frequency, intended phase, and in
struction condition together with interaction vectors on
the combined mean coordination judgments with in-depth

viewing. After removing nonsignificant factors, the analysis
accounted for 38% ofthe variance [F(8,681) = 51.6,p <
.001]. The significant factors included both absolute phase
deviation and phase variability, as shown in Table 3. The
factors other than absolute phase deviation, absolute phase
deviation X phase SD interaction, and instruction condition
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Figure 7. (A) Mean judgments of the control experiment plotted as a function of
mean relative phase of the display. Means plotted separately for each frequency:
FI = 0.799 Hz (open circles); F2 = 0.936 Hz (filled squares); F3 = 1.151 Hz (open
triangles). (B) Mean judgment standard deviations ofthe control experiment plot
ted as a function of mean relative phase of the display. Means plotted separately
for each frequency: F1 = 0.799 Hz (open circles); F2 = 0.936 Hz (filled squares);
F3 = 1.151Hz (open triangles).
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EXPERIMENT 2

Note-PDev, absolute phase deviation; PSD, standard deviation of
phase; Ip, intended phase; F,frequency; I, instruction condition.

Table 3
Significant Factors Found in a Multiple Regression on

Judgment Means Including the In-Depth Viewing Data of
Experiment 1 and the Control Experiment

Method
Participants. Ten undergraduates at Indiana University partici

pated in the experiment. Four were men, and 6 were women. The
participants ranged in age from 18 to 29 years. They were paid at $5
per hour. None had participated in the previous studies. All had nor
mal or corrected-to-normal vision.

Display generation. Displays consisted oftwo black rings (2 em
in diameter) appearing on a white background. Each ring moved

(I)
dt p . *
__I =I+N..

dt t

Equation I was integrated numerically using a fourth order Runge
Kulla routine to yield approximately:

N; = [-.95 <N,« .95].

The temporal noise signal was used to determined the rate of in-
crease of time: .

along a horizontal linear path 6 em in length. The paths were cen
tered horizontally on the screen. The paths were separated vertically
on the screen by 5.5 em. Each ring moved with a simple harmonic
motion at I Hz. The two rings were programmed to oscillate at mean
relative phases of0°, 30°, 60°, 90°,120°,150°, or 180°. Noise signals
were added to the harmonic motions to produce specific levels of
phase variability. Four levels of phase variability were produced at
each of the seven mean phases. The SDs ofphase for the four levels
were 0°, 5°, 10°, and 15°. This was accomplished as follows.

The frequency of the added noise signals was set equal to either
I, 0.5, or 0.25 times the frequency of the oscillators (I Hz). The
noise signals were used to alter the time used to create each har
monic motion. The temporal noise signal was

N, = ANjcoS(WNt) + O.IANjg"

where i = 1,2specifies the oscillator, AN is the amplitude ofthe tem
poral noise, WN is the frequency of the noise, and g, is Gaussian
white noise ofunit variance. We constrained the temporal noise sig
nal, N;, to be smaller than a time step, that is, smaller than one dt =
0.03 sec, so that the oscillator was slowed or speeded, but never
stopped or reversed:

Xj(t) = Apjcos (cPj),

whereAp is the amplitude ofthe oscillators (i.e., 3 em on the screen).
The noise was added to the oscillators in three different ways to

produce each level of phase variability. First, noise signals of equal
amplitude and opposite phase were added to each oscillator. Second,
noise signals with one amplitude triple the other were added with
equivalent phase. Third, a noise signal was added to only one of the
oscillators. A constrained random procedure was used to determine
which oscillator received the (larger) perturbation in the (second)
third method so that each received it equally often.

Seven mean phases X 4 levels of phase variability X 3 ways of
adding phase variability yielded 84 displays. Displays were gener
ated with a frame rate of 33 Hz. They were viewed using normal
binocular vision in a dimly lit room at a distance of 0.7 m from the
screen. Head motion and eye motion were unconstrained. A re
sponse bar appeared after each display. The horizontal bar was num
bered from 0 to 10 and extended beyond both 0 and 10 to avoid ar
tifactual reduction of response variability at 0 and 10 due to the end
stops. A marker could be moved continuously along the bar and
freely adjusted using the mouse. Double clicking the mouse both en
tered the judgment value and started the next trial.

Procedure. The participants were instructed to judge phase vari
ability. The difference between mean phase and phase variability
was explained to them. The participants were then shown a number
of demonstrations of different mean phases and different levels of
phase variability. The use of the response bar was also illustrated,

tj(n + I) = t;(n) + [dt X dtp/n)],

where n is the number of the time step, dt = 0.03 sec, and tj(O) = O.
This determined the phase of an oscillator as follows:

cPj ~ wHtj + ficPj,

where wu is the oscillator frequency, and ficPj is the mean phase of
the ith oscillator. Finally, the motion ofeach oscillator was generated
as

79.0
12.5
18.0
4.6
6.8

12.1
9.7

26.3

Partial F

<.001 -1.1
<.001 -.29
<.001 .70
<.05 -.08
<.01 .19
<.001 -.66
<.01 .52
<.001 -.16

Factor P 13
PDev
PSD
PSD X PDev
IP X PDev
F X IP
F X IP X PDev
F X IP X PSD X PDev
I

accounted for only 2% of the variance. The three factors
alone yielded an r 2 of .36. The instructions in the control
experiment yielded somewhat higher judgments overall.

In sum, we found that the instructions were not respon
sible for the results in Experiment 1. In general, coordi
nation judgments covaried with absolute phase deviation
with some effect of phase variability. Mean phases of 0°
and 180° were judged most reliably and judged as most
coordinated; 0° was judged more reliably than 180° and
was judged as more coordinated than 180°. Greater phase
variability yielded judgments oflower coordination.

In Experiment 1, we used displays generated from re
corded kinematics of bimanual movements. The advan
tage was that the results could be safely generalized to the
visual perception ofhuman movements and, by extension,
to the results of studies of human coordination. However,
the disadvantage of the method was that we could not in
dependently manipulate mean phase and phase variability
to sample the range ofeach systematically. The visual per
ception ofrelative phase as such might be better evaluated
(beyond the context of human movement) without con
current variations in the amplitude and frequency of
movement. The goal of Experiment 2 was to replicate the
previous results with precise control of both mean phase
and phase variability. The participants were first tested in
a blocked condition that exposed them to variations in
phase variability blocked within levels of mean phase.
This was intended to maximize and tune their ability to
discriminate phase variability independent ofmean phase.
The participants were then tested in a design with a com
pletely random ordering of displays.
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Figure 8. Mean judgments of Experiment 2 plotted as a func
tion of mean relative phase of the display. Means plotted sepa
rately for each level of phase variability: Phase SD = O· (filled
circles); PhaseSD = S· (open squares); Phase SD = 1O·(open tri
angles); Phase SD = IS· (open diamonds).

and the participants were allowed to practice with it on the demon
stration displays. The participants then performed the judgment task
in a blocked condition. Trials were blocked by mean relative phase
in increasing order from 0° to 180°-that is, they judged random
order presentations of the four different levels of phase variability
(12 trials), all presented with 0° mean relative phase. Next, they
judged phase variability for motions at 30° mean phase, and so on.
After the blocked session was completed, the participants judged the
entire set of displays in a completely random order.

Results
We computed a mean and an SD of the coordination

judgments for each cell and participant. We report only
the results from the session with fully randomized dis
plays. We performed a repeated measures ANOVA on the
means, with phase variability (4 levels) and mean phase (7
levels) as factors. Phase variability was significant [F(3,27)
= 21.7,p < .001]. In Tukey post hoc tests, judgments of
phase SD 0° and 5° were different from those of SD 10°
and 15°. The participants were able to distinguish differ
ent levels ofphase variability. Mean phase was significant
[F(6,54) = 8.3,p < .001]. Judgments of mean phases of
0°and 180° were different from judgments ofmean phases
of 60°,90°, and 120°. Finally, the phase variability x
mean phase interaction was significant [F(l8, 162) = 3.0,
p < .001]. In simple effects tests, phase variability was
significant (or marginal) at mean phases of0° (p < .001),
30° (p < .04), 150° (p < .01), and 180° (p < .06). Mean
phase was significant at phase SDs of0°, 5°, and 10° (p <
.001) and at SD 15°(p < .03). Thus, as shown in Figure 8,
the participants were able to discriminate levels of phase
variability when mean phase was at or near 0° or 180°, but
not when mean phase was at or near 90°. Furthermore, as
mean phase departed from 0° or 180°, the motion was
judged as having greater phase variability, and this was
true especially when there was no phase variability at all.

We performed the same ANOVA on the judgment SDs.
Phase variability was significant [F(3,27) = 3.2,p < .04],
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and post hoc t tests revealed that phase SDs of 0° and 5°
were each different from SD 10°. Mean phase was signif
icant [F(6,54) = 6.1,p < .001]. The phase variability X

mean phase interaction was not significant (p = .2). In
simple effects tests, phase variability was significant at 0°
mean phase only where judgment variability covaried
with phase variability. Mean phase was significant at
phase SDs of0° and 5° (p < .001) and at SD 10°(p < .05),
but not at SD 15°. Judgment variability increased as mean
phase departed from either 0° or 180°, peaking at 90°;
however, judgment variability was already high as a func
tion of high phase variability and so was not affected by
mean phase.

These results confirmed those obtained in Experi
ment 1, showing that judgments of phase variability (or
how coordinated movements are) are affected by both the
actual phase variability and the mean phase. At 0° and
180° mean phase, different levels of phase variability are
discriminated; however, at 90° mean phase, they are not.
With no phase variability, mean phases other than 0° and
180° are judged as more variable or less coordinated. To
make clear this latter pattern, we performed repeated mea
sures ANOVAs on the means and SDs ofjudgments of 0°
phase SD movements (i.e., movements varying only in
mean relative phase with no phase variability). Mean phase
was, of course, the only factor. Both analyses were signif
icant [judgment means F(6,54) = 11.3, P < .001; judg
ment SDs, F(6,54) = 4.2, p < .005]. Post hoc t tests re
vealed that mean judgments of0°mean phase were different
(p < .01) from all other mean phases and, in particular,
from judgments of 180°mean phase that were judged to be
more variable than 0° mean phase movements (despite the
absence ofphase variability). Similarly, post hoc t tests of
judgment SDs revealed that judgments of 0° mean phase
were less variable (p < .05) than at all other mean phases
including 180°. This last analysis reveals that movements
at 180°mean relative phase are judged to be less stable with
respect to relative phase than are movements at 0° mean
relative phase.

DISCUSSION

In the HKB model of interlimb coordination, relative
phase (c!J) is characterized as an order parameter, whereas
frequency ofoscillation is called a control parameter. The
implication is that phase is not directly controlled and that
only frequency is controlled via the stiffness of a mass
spring control dynamic. However, a number of circum
stances imply, to the contrary, that relative phase is both a
contro lled property and a perceptible property. We assume
that, if a property or variable is to be controlled, then it
must be perceptible. (Of course, the reverse need not be
true.)

The first circumstance is that participants in the coor
dination experiments are explicitly instructed to oscillate
two limbs either at an in-phase or an antiphase relation.
Participants are able to do this reliably, although the rela
tive phase actually produced can be perturbed away from
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0° or 180° by manipulating the inherent frequencies (iner
tias) of the two oscillators. The fact that people are able to
reliably distinguish and generate two different relative
phases means that they are able to control their behavior
with respect to this property, and, thus, they must be able
to perceive it. However, the fact that people without spe
cial training or skill cannot reliably produce arbitrary rel
ative phases (Zanone & Kelso, 1992) or that phase devia
tions produced by inertial asymmetry are not typically
detected implies that the ability to resolve relative phase
varies depending on relative phase.

The second circumstance is that the bimanual coordi
nation results were reproduced in experiments in which
coordination was maintained between 2 people who used
vision to establish and maintain a given phase relation
(Schmidt et al., 1990; Schmidt & Turvey, 1994). This im
plies that relative phase is a visually perceptible property.

The third circumstance is perhaps the most significant.
Kelso, Scholz, and Schoner (1986) have reported a num
ber of experiments in which, as the frequency of oscilla
tion has been increased, participants have switched from
a 180° relative phase to a 0° relation, putatively because
the 180° phase has become unstable and too difficult to
maintain at higher frequencies of oscillation. Switching
does not occur when participants start the frequency series
at 0° relative phase. They maintain the initial relative phase
throughout a given trial. Less well known is the fact that
not all participants always exhibit this switching. For in
stance, Zelaznik, Smith, Franz, and Ho (1997) found that
transitions occurred in only a small proportion of trials
with finger oscillations, and transitions have not occurred
in experiments involving wrist pendulums (Schmidt, per
sonal communication, August, 1997). Lee, Blandin, and
Proteau (1996) also found resistance to switching in a bi
manual task. The original experiments entailed a nonin
terference paradigm akin to that used by Feldman in es
tablishing the A model of limb movement: Participants
were instructed not to resist when they felt an inclination
to switch. The problem is that a participant must evaluate
an inclination. Some participants can go through the en
tire frequency series in the antiphase mode without switch
ing. Of course, the phase variability of oscillation in
creases with increasing frequency, but the mean antiphase
relation can sometimes be maintained nevertheless. The
problem is to decide, as the fluctuations become increas
ingly large and more frequent, when to stop correcting in
response to fluctuations and to switch. It is possible to se
lect a given level ofdifficulty and consistently allow one
self to switch at that point. Ultimately, all participants
must do this in cooperating with the "noninterference" in
structions. The point is that they must be able to perceive
the level of difficulty determined by the amount of phase
variability. This implies, in turn, the perceptibility of
phase variability. This realization inspired the present ex
periments. The fact that the switching behavior was re
produced in the between-people coordination experiments
implied that phase variability could also be perceived vi
sually. Summers, Thomas, and Byblow (1997) studied

spontaneous switching versus intentional switching upon
a command. The authors observed what they called inten
tional corrections; however, they had no clear criteria for
reliably identifying all such corrections. Without such cri
teria, there could be no assurance that spontaneous
switches were not intentional, in the sense that corrections
were intentionally curtailed.

In the present experiments, we tested the ability to per
ceive relative phase variability in human movements or
relative phase stability. The somewhat surprising outcome
was that judgments ofphase stability were better predicted
by mean absolute relative phase deviations from 0°or 180°
relative phase, although relative phase variability also pre
dicted judgments when mean relative phases were at 0° or
180°.This was true ofboth mean judgments and judgment
SDs. However, using human movements to generate our
displays prevented us from controlling mean relative phase
and phase variability entirely independently. So, we re
sorted to simulations to produce oscillations at selected
mean relative phases from 0° to 180°, each with levels of
phase variability ranging from 0° to 15° phase SD (i.e.,
from no phase variability to modest amounts). In this case,
the participants were given extensive instructions and dem
onstrations and were tested in a preliminary training ses
sion in which trials were blocked by mean phase to ensure
that they understood the task. The results replicated our
findings with human movement displays. Overall, judg
ments ofthe amount ofrelative phase variability were best
predicted by mean relative phase. For instance, with no
relative phase variability in the displayed movement, both
judgment means and SDs varied with the mean relative
phase of the movement; 0° and 180° phase were judged as
least variable and were judged so most reliably. Further
more, 0° was judged as less variable and more reliably so
than 180°, whereas 90° relative phase was judged as most
variable but was judged so least reliably. When relative
phase variability was added to the movements, it did not
affect the judgments of movements at 90° mean relative
phase, but it did affect judgments of movements at 0° and
180°. The latter were judged as more variable and were
judged so less reliably.

In short, mean relative phase and the variability of rel
ative phase interacted in determining judgments of rela
tive phase stability. Movements at mean phases other than
0°and 180° and, especially, movements at 90° were seen as
more variable, and the participants could not distinguish
relative phase variability from movements at these mean
relative phases. Movement at 90° simply appears variable,
whereas 180° is inherently perceived as more variable than
0°. This pattern of results is comparable to that of the bi
manual coordination experiments.

Mean relative phase relations that are confused with
relative phase variability or perceived as inherently vari
able would be difficult to control. In fact, such relative
phases are also judged unreliably. In the coordination ex
periments, a stable phase relation should correspond to a
relative phase that is readily and thus reliably distin
guished from neighboring relative phases and from rela-
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NOTES

I. There were 4 trials in each cell for each observer. These included 2
repetitions oftrials from each of2 participants from the original Schmidt
et al. (1993). We computed the SD in mean phase for the trials from the
2 participants in each cell and regressed the set of these on the judgment
SDs for each observer. The mean r 2 and percentage of analyses signifi
cant at p < .05 or better were as follows: Experiment I side on, .05/21 %;
Experiment I in depth, .06/13%. In a multiple regression in which these
within-cell SDs in mean phase were combined with absolute phase de
viations, the result was that the within-cell SDs uniquely accounted for
about 2% of the variance.

2. We regressed the within-cell SDs in mean phase on judgment SDs
and derived residual scores. We then computed means of these residuals
and fitted the model to these means for each frequency with comparable
results. The r2s were .987, .986, and .992, respectively.

(Manuscript received August 12, 1997;
revision accepted for publication February 4, 1998.)




