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The dynamics of pattern formation and change are studied in a complex, 

multicomponent system, specifically the arms and legs of human subjects. 

Previous studies (Kelso & Jeka, in press) have demonstrated novel features 

in the coordinative dynamics of an arm-leg pair, including: 1) differen

tial stability of coordinative modes produced by limbs moving in the same 

(S-mode) versus different (D-mode) directions; 2) a slow drift in relative 

phase preceding transitions from the D- to the S-mode; 3) preferred tran

sition routes between patterns; and 4) spontaneous emergence of non 1:1 

frequency- and phase-locked patterns, in addition to periods of relative co

ordination. These phenomena have been encompassed theoretically in a 

model of coupled oscillators which includes a symmetry-breaking term to 

represent the difference in the uncoupled frequencies of the arm and leg 

(Kelso et al., 1990). 

To test predi.::tions of the (Kelso et a.l., 1990) model, the first of two 

studies was aimed at whether manipulation of the inherent biophysical 

differences between the arm and leg, through inertial loading, would be re

flected in their coordinative dynamics. The results showed that loading the 

leg led to the highest percentage of: 1) D- to S-mode transitions in the down 
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direction (i.e., with decreasing values of relative phase); and 2) transitions 

to phase wandering. Loading the arm led to: 1) an approximately equal 

number of transitions in either the up or down direction; and 2) very few 

transitions to phase wandering. The conclusion was that adding weight to 

the arm or leg was influential in minimizing or enhancing the coordinative 

asymmetry, respectively. 

A second study used the same loading conditions as Experiment 1 within 

a perturbation paradigm to study possible differences in relaxation time and 

perturbation- induced transitions, as additional measures of the asymmetry 

of the coordinative dynamics. Relaxation time and perturbation-induced 

transition pathways showed no effects of inertial loading. Pretransition rel

ative phase showed a steady decrease when the leg was loaded and very lit

tle drift in the arm load condition. Pretransition relaxation time increased 

systematically with required frequency and relative phase variability, but 

only with perturbations in the up direction (i.e., increasing values of rel

ative phase). These effects were consistent with model predictions and 

showed that asymmetric dynamics characterized the coordinative patterns 

of anatomically different components. 
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1 Introduction 

Movement patterns provide a means to explore the principles which 

guide behavioral stability and behavioral change in biological systems. By 

designing experimental situations which systematically perturb the environ

ment in which we function, and then studying the patterns of coordination 

that result, one may discern lawful relationships. The vexing theoretical 

problem is the dichotomous nature of the resulting coordination patterns. 

Frequently, very little change is observed in a particular posture or rhyth

mical movement pattern in response to varying environmental constraints. 

However, after a period of relative stasis, even a small change in bound

ary conditions may lead to an abrupt shift to another pattern of behavior. 

Such nonlinear effects may lead to tremendous behavioral diversity even 

with very simple systems (May, 1976). The question is how to encompass 

such nonlinear phenomena under a common conceptual framework. 

Implicit to any theory which attempts to understand nonlinear behav

ioral phenomena is the issue of switching between different patterns or 

states of behavior. However, studies which focus upon switching between 

patterns are far less prevalent than those studies concerning changes within 

a pattern. The characteristic patterns of a locomoting quadruped serve as 

a case in point. Many of the measures employed to study quadruped gaits 

impose discrete categories upon the patterns of behavior. For example, the 

classical footfall formula (Muybridge, 1979; Hildebrand, 1965) separates 

a complete cycle of movement by a single limb into two flexion-extension 

phases; a stance phase in which the limb is in contact with the support 

surface and and a swing phase in which the limb is off the ground. As the 

animal increases its speed, the duration of the entire step cycle progres-
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sively decreases. The stance phase, however, shows a proportionally larger 

decrease than the support phase (Grillner, 1980). Furthermore, the rate of 

decrease in the duration of the step cycle levels off markedly when an ani

mal changes gait, for instance, from a trot to a gallop. Similar types of step 

cycle measures, such as the Phillipson step cycle (Phillipson,1905), the gait 

diagram (Sukhanov, 1974) and the duty factor (Jayes & Alexander, 1978) 

also demonstrate change within as well as between different gait patterns. 

The problem with such measures is that their discrete nature offers little 

insight as to why or how switching occurs between different gait patterns. 

Without a theoretical link between the manner in which gait patterns 

are characterized and the manner in which they change, various mecha

nisms are employed to explain gait transitions. For example, Hoyt and 

Taylor (1981) trained ponies to remain in gait patterns at speeds beyond 

their natural range and measured their rate of oxygen consumption to quan

tify energy consumption. As locomotory speed increased within each gait, 

oxygen cost first declined to a minimum and then increased with increasing 

speed. The speed at which minimum energy consumption was observed was 

deemed that which was energetically optimal for each gait. When horses 

were then observed under natural conditions, speeds were selected within 

each gait around the energetically optimal speed. Their conclusion was 

that gait transitions are motivated by energetic optimization. 

Biomechanical mechanisms for gait changes have also been proposed. 

A number of investigators (Rubin and Lanyon,1982; Biewener & Taylor, 

1986) have studied peak bone strain in animals at diiferent locomotory 

speeds. Peak bone loads were found to increase incrementally with trotting 

speed and decrease significantly at the transition from trot-to-canter. Such 

results led Farley and Taylor (1991) to reconsider the energetic hypothesis 
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by adding weights to horses and measuring whether musculoskeletal forces 

reach a critical level at a trot-to-gallop transition. Weighted horses switched 

to a gallop at lower speeds but at the same level of force than when un

weighted. Peak ground reaction force decreased on average by 14% with a 

switch to a gallop. Furthermore, a more systematic study of gait transition 

speeds than that of Hoyt and Taylor (1981) revealed that transitions did 

not occur at speeds that would optimize energy requirements. The authors 

concluded that maintaining peak force levels below a certain maximum 

suggests a biomechanical safety factor for avoiding injuries as locomotory 

speeds increase. 

In the last 20-30 years, pattern generation has also been extensively 

studied through the neural control of animal locomotion. One of the first 

issues concerned whether characteristic locomotion patterns were due to 

separate hard-wired neural systems which were activated at certain speeds 

or whether the limbs are single components that interact to produce differ

ent patterns. Arshavsky et al. (1965) explored this question by studying 

different combinations of individual limbs of dogs above a moving tread

mill. It was found that the structure of the step cycle was no different 

for a limb operating alone than within a pattern of all the limbs. Even if 

the movement of one limb was delayed during locomotion, then that limb 

briefly maintained an incorrect phase in relation to the other limbs (i.e., 

relative phase) for a few cycles before returning to the correct phase rela

tionship. However, if a limb was delayed while moving alone, it continued 

to move without any subsequent corrections and and hence behaved as an 

independent unit when used in isolation. Kulagin and Shik (1970) studied 

decerebrate cats on split belt treadmill which drove the limbs on different 

sides of the body at different speeds. While the cats were able to main-
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tain typical locomotory gaits with each limb in 1:1 synchrony, limbs on 

the slower belt maintained a shorter swing phase and longer stance phase 

than the limbs on the faster belt. However, the midpoint of the swing and 

stance phases coincided on both sides. The interpretation was that each 

limb was controlled by a separate spinal network which interacted to pro

duce coordinated movement, arguing against hard-wired networks for each 

pattern (Miller & van der Meche, 1975; Pearson and Iles, 1973; Stafford & 

Barnwell, 1985; Cohen, Rossignol & Grillner, 1988). 

Recent neurophysiological advances have allowed spinal networks for 

limb movements to be identified as groups of neurons known as central 

pattern generators (CPGs), which activate motoneurons in sequences that 

specify interlimb phase relationships without any peripheral feedback (Grill

ner, 1975; 1980; 1985; Halbertsma, Miller & van der Meche; 1976; Herman, 

Grillner, Stuart & Stein, 1976; Wilson, 1961). One early study of note 

was that of Shik, Severin & Orlovskii (1966), who investigated the loco

motory behavior of decerebrate cats supported on a moving treadmill and 

stimulated electrically in the mid-brain. By regulating the strength of stim

ulation, it was possible to change the speed of locomotion as well as the 

gait pattern from a trot to a gallop. Other studies have shown that less 

common 2:1locomotory patterns can also be elicited in spinal preparations 

by driving the system electrically (Stein, 1978) or mechanically (Kulagin & 

Shik, 1970; von Holst, 1939/73). These results have furthered the hypoth

esis that the movements of a given limb are directly controlled by its own 

local center and interlimb coordination is dependent upon coupling signals 

transferred among the control centers. 

The early success at identifying relatively small groups of neurons that 

produce rhythmical output led to expectations that the underlying mech-
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anisms for pattern generation of limb movements would eventually be un

packed. However, a disappointing result of two decades of research has 

been the inability to characterize the diverse output of neural networks or 

the factors which led to nonlinear phenomena such as switching between 

patterns. In other words, the often referred to "interaction between indi

vidual units", whether those units be limbs or neurons, has proven difficult 

to characterize theoretically. Similar motor patterns are often produced by 

distinctly different networks while structurally similar networks may pro

duce radically different motor patterns (Getting, 1988). Furthermore, the 

output of these networks are not fixed, as their operation depends upon 

interactions among multiple nonlinear processes at the cellular, synaptic 

and network levels (Getting, 1989). Altering just one of these processes 

can dramatically change the output of that network. For example, the ef

fects of proctolin, a neuromodulating pentapeptide, on the stomatogastric 

ganglion of the crab Cancer Borealis, are strongly excitatory when the cir

cuit is weakly active but almost without effect when the circuit is strongly 

active (Marder & Meyrand, 1989). Such task-dependent behavioral modu

lation is also found during different modes of locomotion ( Capaday & Stein, 

1986) and during different phases of the step-cycle (Forssberg, Grillner & 

Rossignol, 1975), suggesting that parameter dependent nonlinearities may 

exist at all levels of behavior. 

The essential point from a brief review of biomechanical and neural 

approaches to biological pattern change is this: The tremendous progress 

in characterizing limb movement patterns and the neural correlates of pat

tern generation has not been matched by work focusing on the development 

of theoretical constructs which may capture the dynamics of the interac

tions between individual components. We can describe patterns but we 
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cannot explain, for instance, why switching between patterns is observed. 

Biomechanical mechanisms for gait transitions seem to have relevance to 

quadruped locomotion, but a recent body of evidence suggests that the 

mechanisms of pattern switching in biological systems may be more ab

stract than previously conceived. 

One such study was that of Baldissera, Cavallari and Civaschi (1982), 

in which subjects were instructed to cyclically move a pronate hand with 

an ipsilateral foot either in an easy association (hand extension with foot 

dorsal flexion+ hand flexion with foot plantar flexion) or with the opposite 

flexion- extension couplings in a difficult association. As subjects increased 

cycling frequency, a spontaneous switch from the difficult to the easy pat

tern (but not vice versa) occurred. However, when subjects reversed their 

wrist position from a pronate to a supine position, the previously easy 

flexion-extension pattern was now more difficult, while the previously diffi

cult pattern was the more easily performed. In both the prone and supine 

cases, the easy association corresponded to limbs moving in the same direc

tion in the sagittal plane. Thus, the stability of the easy pattern may have 

less to do with the innervation of specific muscle groups and more with the 

mutual direction of movements. Such preference for a spatial rather than 

a neuromuscular organization has also been found across joints within a 

single-limb (Kelso, Buchanan & Wallace, 1991). 

Evidence for transitions which cannot presently be explained from a 

physiological or biomechanical perspective was also found in a study by 

Kelso, Delcolle and Schaner (1990). Subjects were instructed to coordi

nate flexion of an index finger either on- or off-the-beat of an auditory 

metronome. Metronome frequency was increased or decreased in discrete 

steps as the trial progressed. Just as in the Baldissera et al. (1982) study, 
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subjects showed a preference for a particular pattern of movement; sponta

neous switching was observed from off- to on-the-beat, but not vice versa. 

Transitions between arm movements and a visual metronome signal have 

also been documented (Wimmers, Beek & van Wieringen, 1991). In a sim

ilar vein, Schmidt, Carello and Turvey (1990) had a pair of seated subjects 

watch each others' oscillating lower leg in either an in-phase (i.e., up and 

down together) or anti-phase (one leg up as the other leg moves down and 

vice versa) pattern at successively increasing frequencies. A between-person 

transition was observed from anti-phase to in-phase movement, but not vice 

versa. If the two people began their movements anti-phase and increased 

limb frequencies simultaneously at the same rate without watching each 

other, then no transition occurred. The pattern switch depended upon 

their visual input. 

The control of such preferred phasing relationships and the switching 

between patterns cannot be supported with physiological or biomechanical 

accounts alone, particularly the transitions observed between people or a 

limb and an auditory stimulus, in which the components are not linked 

mechanically. Such results suggest the existence of more general and ab

stract principles of organization which may account for the wide variety of 

situations in which transitions between behavioral patterns are observed. 

In the following section, a theory of biological coordination is presented 

which has shed some understanding on the nature of switching in biologi

cal systems. This theory, referred to as the dynamic pattern approach to 

biological coordination (Kelso & Schaner, 1987; 1988; Schaner & Kelso, 

1988), borrows theoretical concepts from synergetics (Haken, 1983), and 

tools from nonlinear dynamics (Abraham & Shaw, 1982; Parker & Chua, 

1989; Thompson & Stewart, 1986) which have successfully characterized 
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pattern formation processes in many physical systems. The general theme 

of dynamic pattern theory is that patterns emerge as a result of nonlinear 

oscillators being coupled together to solve a coordinative problem, whether 

that problem is stable locomotion across uneven terrain or synchronizing a 

limb movement to a periodic stimulus. Theoretical measures of pattern sta

bility and change have been established which can be tested to determine 

their generality to many different coordinative situations. 

The first series of experiments that demonstrated the relevance of dy

namic principles to biological pattern formation were with a system whose 

components were approximately similar in structure and function, namely, 

two rhythmically moving human index fingers (Kelso, 1984; Kelso, Scholz 

& Schoner, 1986). The present thesis concerns an experimental system 

with components whose biophysical properties differ; rhythmically moving 

human arms and legs. This may be an important case to understand, since 

many coordinative behaviors involve components that are different struc

turally and functionally. The theoretical question is whether the behavior 

of predicted observables distinguishes the coordinative dynamics of similar 

components from that of different components. 

To fully develop the motivation for studying bifurcations in a system 

with anatomically different components, this thesis will be divided into the 

following sections. Section 2 reviews dynamic pattern theory as well as 

the measures which were implemented in the bimanual finger experiments. 

Section 3 reviews the model used to characterize symmetric and asymmet

ric dynamics in order to establish observables which distinguish the two 

cases. Once these observables are identified, the question is whether the

oretical predictions ar-e supported empirically. Section 4 summarizes past 

experiments in the arm-leg system (Kelso & Jeka, in press) that provided 
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support for model predictions and motivated the present experiments with 

the coordinative patterns of a human arm and leg. Sections 5 and 6 then 

report two experiments which tested more specific predictions concerning 

a source of the asymmetry in arm-leg coordinative dynamics. 
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2 The Synergetic/Dynamic Pattern Approach 
to Biological Coordination 

A recently developed approach to the control of coordinated biologi

cal motion stresses a dynamical conception of movement patterns in terms 

of coupled nonlinear oscillators (e.g., Kelso, Holt , Rubin, & Kugler, 1981; 

Schaner & Kelso, 1988). The main idea is to characterize coordination 

patterns with collective variables and to study the temporal evolution of 

these patterns through the dynamics of the collective variable. Dynamic 

is meant as a relationship that changes in time according to a law or an 

equation of motion of the collective variable. The criteria for a candi

date collective variable are twofold. It must: 1) differentiate one pattern 

from another by exhibiting qualitative change; and 2) display reproducible 

results. Reproducible, stable patterns are then mapped onto stationary so

lutions (i.e., at tractors) of the collective variable dynamics. A key concept 

of the dynamical approach is that of temporal stability. Coordinative pat

terns are sustained in the face of a fluctuating environment or in response 

to perturbations. At certain critical points, however, the stability of the 

pattern is lost and a switch to another pattern is observed, corresponding 

to a nonequilibrium phase transition (Haken, 1983) or bifurcation. Exper

imentally, environmental boundary conditions are represented as control 

par-ameters which are systematically manipulated to move the system from 

one state to :mother. Operationaliy defined measures of stability (see be

low) also allow theoretical predictions to be tested empirically. 

The dynamic pattern conceptualization of biological coordination may 

be summarized as follows (Kelso & Schaner, 1987): 
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• identify the essential, collective variables and their (putatively) low

dimensional dynamics 

• determine the relevant control parameters that move the system through 

its collective states 

• model the stable patterns as attractors of the dynamics of the collec

tive variable 

• relate different levels of description through a study of component 

dynamics and. their coupling 

This approach was first successfully applied to biological patterns through 

the study of bimanu::tl coordination in humans (Kelso, 1984; Kelso & Scholz, 

1985; Kelso, Scholz & Schoner, 1986). Subjects oscillated both fingers 

rhythmically at the same frequency in one of two modes of coordination: 

1) in- phase movement corresponding to homologous muscle groups con

tracting simultaneously; and 2) anti-phase movement corresponding to ho

mologous muscle groups contracting alternately. In both the experimental 

work and theoretical model, the phase of the right index finger minus the 

phase of the left index finger (i.e., relative phase) was defined as the col

lectiv~ variaSle. Frequency of movement was the control parameter, scaled 

by an auditory metronome. The results demonstrated that if the system 

was initially prepared in the anti-phase mode, a spontaneous switch to the 

in-phase pattern occurred. In contrast, no switching occurred if the system 

was initially prepared in the in-phase pattern. 

The bimanual case was successfully modeled (Haken, Kelso and Bunz, 

1985) as point attractors of the dynamics of the collective variable, relative 

phase ( <P ), capturing the two stable phase-locked modes at <P = 0° and <P = 
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180°. A stochastic version of the original Haken et al. (1985) model was 

developed (Schoner, Haken & Kelso, 1986), which made precise predictions 

of stability measures as the control parameter approached the critical region 

of pattern change. These phenomena are: 

• Enhancement of fluctuations. Dynamic pattern theory recogmzes 

that the experimental system may be coupled to many subsystems 

whose collective effect acts as a perturbation in the form of noise. As 

a control parameter is varied, the effect of these subsystems emerge as 

increasing fluctuations in the collective variable, reflecting the grow

ing inability of the system to sustain the coordinative pattern. In the 

critical region of the control parameter, the system briefly displays 

transient behavior, in which no definitive pattern is apparent. The 

system. then evolves to a new or different pattern, apparent from the 

new value of the collective variable. The switch to a new pattern is 

accompanied by a marked d~cre<Jse in fluctuations of the collective 

variable, signifying that the transition to a new stationary state is 

complete. The predicted enhancement of relative phase variability 

en route to the transition and subsequent decrease after the transi

tion was supported empirically in the bimanual case (Kelso & Scholz, 

1985; Kelso, Scholz & Schoner, 1986). 

• Critical slowing down. If a small perturbation is c.pplied to the sys

tem , driving it. away from its stationary state, the time it takes for 

the system to return to that state, referred to as local relaxation time 

( Tr el), is a measure of the stability of the attractor (i.e., coordina

tive pattern). The smaller is Trel, the more stable the attractor. The 

modei predicts that as the system loses stability, a parallel increase 
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in Tr el will be observed up to the transition. Once the system bifur

cates, r,.ez returns to lower values, signifying that a stable state has 

again been assumed. Relaxation time was measured in the bimanual 

system (Scholz) Kelso & Schaner, 1987; Scholz & Kelso, 1989) and 

found to comply very well to theoretical predictions. 

• Switching time. Due to the stochastic aspect of the dynamical model, 

switching does not occur as soon as the critical frequency is reached. 

Instead, during the transition, the probability density of relative phase, 

initially concentrated at ¢ = ± 180°, flows to 4> ~ 0° and accumulates 

there until the 'new' peak at ¢ ~ 0° is dominant and stationary. The 

model predicts the duration of this process both in terms of its mean 

and distribution, both of which were extracted from experimental 

data (Scholz, Kelso & Schaner, 1987) and found to be consistent with 

the stochastic dynamics of the Schaner et al. (1986) model. 

These three measures clearly define the major role stability plays in 

behavioral change. Stability, therefore~ is not just an intuitive descriptive 

label: rather it is a well-defined concept that , as mentioned earlier, is cen

tral to a dynamic theory of coordination (for further discussion see Jeka 

& Kelso, 1989; Kelso, Schaner, Scholz & Haken, 1987; Schaner & Kelso, 

1988). Stability serves a dual purpose in linking theory and experiment: 

not only does it characterize the states in which the system resides, but loss 

of stability in the collective variable is hypothesized to be the chief (generic) 

mechanism that effects a change of pattern. In the bimanual case, using 

relative phase as n, collective variable, a striking agreement between the

oretical prediction and empirical observation was found (for brief reviews 

of experimental findings see .Jeka & Kelso , 1989; Schaner & Kelso, 1988), 
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supporting the interpretation that behavioral pattern change in a biolog

ical system may be conceptualized as a nonequilibrium phase transition. 

The stochastic model also introduces time scales into the interpretation of 

observed patterns as attractor states of a dynamical system. Time scales 

are crucial not only for experimental design considerations, but also be

come important when other essentially biological features such as learning 

(Schaner, 1989; Zanone & Kelso, in press) and development (Thelen, Kelso 

& Fogel, 1987) are considered (for a discussion of time scales, see Jeka & 

Kelso, 1989). 

This brief review has described some of the basic conceptual tools of 

dynamic pattern theory. We have shown how the dynamic approach to 

coordinative patterns successfully characterized the behavior of a two com

ponent system with two stable states. Since the original bimanual work, 

however, numerous extensions have been explored to conceptually enrich 

the theory and determine: 1) the generality of the approach to other sys

tems with very different structural properties, including multi-joint single 

limb patterns (Kelso, Buchanan & Wallace, 1991 ), speech production pat

terns (Tuller & Kelso, 1989), the coordination between a single limb and 

an auditory stimulus (Kelso, Delcolle & Schaner, 1990) and even neural 

dynamics (Kelso et al., 1991 ), to name just a few; and 2) whether cognitive 

processes such as intention (Scholz & Kelso, 1990), perception (Tuller & 

Kelso, 1989) and learning (Zanone & Kelso, in press) can be understood 

with these same theoretical tools. 

The present work concerns the first directior,. by asking, is the biman

ual system, consisting of structurally similar components with identical 

functional requirements, a special case of coordination? Frequently, coordi

nation involves components with very different structural properties (e.g., 
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eye-head coordination, speech production, etc.) or similar components with 

very different functional demands ( e g., playing the piano, dancing, etc.). 

Are there observables which will distinguish patterns for!lled by different 

components from patterns produced by components which are a approxi

mately identical? To answer this question, a thorough review of the original 

Haken et al. (1985) model is necessary to see how the concept of symme

try furthers the applicability of the model to systems such as that of the 

present experiments, in which anatomically different components (i.e., a 

human arm and leg) are coordinated. 
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3 Two-Component Theoretical Model 

A brief review of the assumptions underlying the Haken et al. (1985) 

model is warranted as a basis for understanding the theoretical motivation 

of the present experiments. We present a symmetric and asymmetric form 

of the Haken et al. (1985) model, in order to establish predicted observables 

which distinguish the two versions. 

3.1 Symmetric vs. Asymmetric model 

The first assumption of the Haken et al. (1985) model is that the dynam

ics of relative phase, </>, are adequate to model the stable patterns observed 

in the bimanual experiments. The observed stationary states at 0 and 1r 

are modeled as fixed point attractors in the space of the collective vari

able, ¢>. Second, the model must reproduce the observed bifurcation, that 

is, two patterns are available (i.e., bistability) below a critical value of the 

control parameter, while only one remains stable (i.e., monostability) after 

the bifurcation. This bifurcation scenario, commonly known as a pitchfork 

bifurcation (Parker & Chua, 1989; Thompson & Stewart, 1986; Abraham 

& Shaw, 1982), is schematically presented in Figure 1. The solid line rep

resents a stable attractor. Dotted lines represent unstable fixed points or 

repellers. Collective variable solutions (y-axis) of the model are shown for 

successively increasing values of the control pa:cameter (x-axis ). At control 

parameter values close to the origin, three solutions exist, two unstable 

and one stable. VI/hen control parameter values are increased, both un

stable solutions drift toward the stable at tractor, until eventually all three 

fixed points collide, leaving a single unstable solution to the collective vari

able dynamics. In terms of the bimanual system, the pitchfork bifurcation 
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Figure 1: Schematic diagram of a pitchfork versus saddle-node bifurcation. 

scenario applies only to the fixed point at ¢> = 1r, and does not affect the 

remaining stable solution at ¢> = 0. Empirically, only the stable fixed points 

are measurable, given that biological systems are inherently noisy and even 

the slightest deviation will be magnified due to the repellent nature of un

stable states. A later version of the Haken et al. (1985) model incorporated 

noise (Schaner, Haken & Kelso, 1986) to comply more explicitly with the 

experimental results. 

A third assumption of the Haken et al. (1985) model is that the dy

namics are symmetric, since ¢> occurs only under cosine or sine functions. 

Dynamical symmetry implies that the properties of the system are un

changed after an operation that produces a well-defined transformation of 

the components. For instance, if the bimanual system was stable at ¢> = 10°, 

then exchanging the individual phases of the right and left fingers (i.e., a 

right-left transformation) would result in a new pattern at ¢> = -10°. If, 

through stability measures, these two patterns were shown to be dynam-
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ically equivalent, then the system would be considered symmetric under 

the right-left transformation. The actual bimanual case turns out to be a 

trivial version of the right-left transformation, since exchanging the fingers 

at¢= 1r results in an identical pattern at¢= -1r (and likewise for¢= 0). 

Based upon such assumptions and similar to previous models of coupled 

oscillators (Haken et al., 1985; Kay et al., 1987), a model was chosen that 

treats each limb as an intrinsic oscillator with a stable limit cycle (for a 

complete derivation, see Jeka, Kiemel & Kelso, 1991). The state of each 

oscillator is given by its absolute phase which progresses linearly with time 

and advances by 21r during every cycle of oscillation. Phase Bi = 0 is 

defined to occur at the peak amplitude of each cycle of movement. The 

most general form of the model is: 
n 

Bi = wi + L fij(Bj- Bi) fori= 1, ... , n (1) 
j=l 

where the ei indicates derivatives with respect to time and Iii = 0. The Wi 

are the uncoupled angular frequencies of the limbs and the fij are 27r peri

odic functions specifying the coupling from the j-th to the i-th oscillator. 

Note that Equation 1 applies to both the two- and four-component systems 

since it assumes that the coupling between oscillators depends only on their 

relative phases and that coupling between multiple oscillators superimpose 

additively. The assumption of additive phase-difference coupling is a good 

approximation for weakly coupled oscillators whose intrinsic frequencies are 

dose (Cohen, Holmes & Rand, 1982; Ermentrout & Kopell, 1984). Here we 

will consider only the two-component case as it is most relevant to the fol

lowing experiments. Thorough discussions of the four- component model, 

which requires the superimposition of at least three relative phases to de

fine the pattern dynamic.s, can be found in Schoner et al. (1990) and Jeka 
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et al. (1991). 

The form of the functions f :.j m Equation 1 can be derived by first 

considering two limbs: 

w· + f · ·(8 · - 8·) 
' •J J ' ' 

w. +" ! ··(8· - 8 ·) J Jl ' J 

(2) 

Letting <P = 8i - 8j and n = Wj- Wj, Equation 2 reduces to 

(3) 

Stable two-limb states correspond to solutions of the right hand side of 

Equation 3. The bimanual result.s (Kelso, 1984), found stable relative phase 

states near 0° and 180°, suggesting that Equation 3 should take the quali

tative form 

J = n - a sin( <P) - 2b sin(2¢ ). (4) 

with two parameters, a and b . In the bimanual case, intrinsic frequency 

differences between the limbs are considered negligible, leaving n = 0 and 

preserving the symmetry of the dynamics. In contrast, when the two com

ponents are a human arm and leg, uncoupled frequency differences are 

known to exist (Jeka & Kelso, 1988), setting n -/= 0 and breaking the 

symmetry. The asymmetric form of Equation 4 was originally derived to 

formalize the dynamics of a perception-action system, namely, the rela

tionship between a rhythmically moving finger and an auditory metronome 

signal (Kelso, Delcolle & Schoner, 1990). However, it applies equally well 

to the present arm-leg system, emphasizing the generality of the model to 

coordination in quite different systems (Kelso & Jeka, in press). 

The evolution of the symmetric and asymmetric forms of Equation 4 

as parameters are varied can be seen in Figures 2a-f, which plot the cou

pling function of Jy (y-axis) vs. <P (x-axis) at different parameter values. 
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The parameters a and b are related to the control parameter, movement 

frequency. The system has stationary relative phase states where ¢> crosses 

the ¢>-axis. Stable fixed points (at tractors) are found when the slope of¢ is 

negative and unstable states (repellers) when the slope is positive (arrows 

indicate the direction of flow). In Figure 2a, with n = 0 and the ratio 

of b/a = 1.0, ¢> = 0 and ¢> = 1r correspond to two stable states, while 

¢> = 1r /2 and ¢> = 37r /2 correspond to two unstable states. Unstable fixed 

points are important in that they demarcate the boundaries of the area, 

known as the basin of attraction, within which all initial conditions even

tually converge to the attractor. Any trajectory outside this basin, will 

end up at a different attractor. As a control parameter (e.g., corresponding 

to the experimental movement rate) is ~:hanged (Figure 2b ), the slope of 

the coupling function at each stable fixed point decreases, signifying that 

the strength of attraction to these states i::> waning. Parameter change also 

forces the two unstable fixed points, originally at ¢> = 1r /2 and ¢> = 37r /2 , 

to slowly converge upon the stable at tractor at ¢> = 1r, which shrinks the 

basin of attraction surrounding¢>= 1r. A bifurcation occurs as these three 

stationary solutions collide, changing ¢> = 1r into an unstable fixed point 

(i.e., the slope at ¢> = 1r changes from negative to positive) and leaving only 

a single stable fixed point at ¢> = 0 (Figure 2c ). This state transition is 

equivalent to the above description of a pitchfork bifurcation (Figure 1 ). 

The asymmetric form of the coupling function, with n = -1, is shown in 

Figures 2d-f. When b/a = 1.0, the asymmetric system contains two stable 

and two unstaLle point attractors, as in the symmetric case. Note however, 

that unlike the symmetric case in which only unstable solutions drift as pa

rameters are scaled, allstatimmry solutions continually change in the asym

metric case. For exampk, the stable and unstable solutions between 1r and 

20 



Symmetric ( Q = O) Asymmetric ( Q = -1) 

b/a = 1.0 (d) (a) 
4 '(Hz) 4 

-4 -4 

(b) b/a = 0.5 
(e) 

4 4 

2 2 

~ 

-2 

-4 -4 
(c) b/a = 0.2 (f) 

4 4 

2 2 

--
TT 

-2 ·2 

-4 -4 

Figure 2: The right hand side of Equation 4, plotted as a function of 
relative phase ( ¢> ). The ratio of b /a is scaled from 1.0 to 0.2 as shown. 
(a)-( c) Symmetric case. (d)-( f) Asymmetric case. 
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37f /2 drift toward one another (compare Figures 2d & 2e) until a collision 

between the two solutions results in the annihilation of both states. This 

type of state transition is typically referred to as a saddle-node bifurcation, 

schematically pictured in Figure 1. Similar to the post-transition symmet

ric case (Figure 2c ), Figure 2e shows that the asymmetric system contains 

a stable and unstable fixed point after the bifurcation, but with markedly 

different values than the symmetric form of Equation 4. Furthermore, as 

b/a is decreased towards 0.2, the fixed points between 0 and 1r /2 also collide 

in another saddle-node bifurcation, leaving no stationary solutions to the 

relative phase dynamics (Figure 2f). Here, the asymmetric system takes 

on a phase-wandering mode, in which relative phase continually changes 

in time. Such phase-wandering is never observed in the symmetric form of 

Equation 4. 

Summary. Th!·ee phenomena emc:rge from the two-component model 

that distinp;uish the ::;ymmetric from the asymmetric case. First, in the 

asymmetric case, stable fixed points are predicted to slowly drift away from 

their initial value as control parameters change. This drift is not like the 

random fluctuations that are observed when noise is added to the sym

metric case (Schaner et al.: 1986), but a systematic change in a particular 

direction until the critical point of transition. Second, state transitions 

should predominantly occur in the same direction as the pretransition drift 

of the stable fixed point, due to an a~ymmetric deformation in the basin of 

attraction surrounding the attractor. Since the stable fixed point is drift

ing towards one boundary (i.e., unstable solution) of its basin, this side of 

the basin is shrinking more quickly than the opposite side. Consequently, 

fluctuations in the stable state, due to noise (Schaner et al., 1986) or a per

turbation (Scholz & Kelso, 1989 )~ will have greater probability of 'kicking' 
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the system out of the narrower side of the basin than the side opposite to 

attractor drift. In contrast, transitions in the symmetric case are equally 

probable in either direction. Third, phase-wandering is predicted to occur 

in only the asymmetric dynamics, through a series of two saddle-node bifur

cations. The symmetric dynamics contain only one pitchfork bifurcation, 

with at least one stationary solution throughout all parameter values. 

We have established theoretical predictions that distingmsh symmetric 

and asymmetric dynamics. The question now becomes whether these phe

nomena are observed empirically. A good candidate to test distinctions 

between symmetric and asymmetric dynamics is the coordinative patterns 

formed between rhythmically moving human arms and legs. Previous ex

periments with this system (Kelso & Jeka, in press) have shown that pat

terns formed by components of the same anatomical make-up (i.e., arm-arm 

or leg-leg, referred to as homologous limb pairs) display some of the sym

metric features predicted by the Haken et al. (1985) model. At the same 

time, patterns which emerge from components with different anatomical 

features (i.e., arm-leg, referred to as nonhomologous limb pairs) demon

strate asymmetric phenomena. These experiments laid a foundation to 

explore a source of the asymmetry with nonhomologous limb pairs, which 

is the focus of the present experiments. Before the latter are explicitly 

defined, however, we will review a series of experiments on two-component 

combinations of human arms and legs. 
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4 Two Component Patterns: Human Arm
Leg Experimental Results 

In the previous section, we reviewed the behavior of theoretical observ

ables which distinguished symmetric from asymmetric coordination dynam

ics. Results from previous bimanual experiments (Kelso & Scholz, 1985; 

Kelso et al., 1986), which were the first to test predictions of the Haken et 

al. (1985) model, suggested that their coupling dynamics were symmetric 

(e.g., no drifting fixed point, no phase wandering, etc.). The observables 

for asymmetric dynamics have also been established empirically in findings 

from a body of work which explored the coordinative patterns of a four 

component system, namely, the two arms and two legs of humans (Kelso 

& Jeka, in press; Jeka et al., 1991). Our motivation to study the patterns 

formed between human arms and legs was to generalize the theoretical con

cepts and empirical tools of dynamic pattern theory to any system in which 

intrinsic frequency differences exist between the components and thus, em

pirically establish observables for asymmetric coordinative dynamics. The 

inherent anatomical difference between an arm and a leg seemed a likely 

candidate for such intrinsic frequency differences to emerge. 

Before four limb patterns were studied, however, a series of experiments 

were conducted on all combinations of two limbs. In these studies, ho

mologous limb pair patterns showed evidence of symmetric dynamics while 

nonhomologous limb pair patterns demonstrated asymmetric properties. 

These results are briefly reviewed below for two reasons: 1) to establish 

the relevance of asymmetric dynamics to human arm-leg patterns; and 2) 

to motivate the present experiments which focused upon manipulating the 

asymmetry of arm-leg dynamics, by changing the difference in the inertial 
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mass of the two components. Ultimately, our intention is to provide theo

retical and empirical observables that are applicable to any system with an 

inherent asymmetry. The arm-leg system serves as an exemplar case. 

4.1 Experimental Results 

4.1.1 Two-limb results 

A Multi-Articulator Coordination (MAC) apparatus (see Figure 7) was 

designed that allowed subjects to cycle all four limbs (i.e., two arms and 

two legs) freely in the sagittal plane while comfortably seated (see Methods 

- Experiment 1). The first experiment was designed to test whether all 

possible combinations of flexion and extension between the arms and legs 

were equally stable. Two limb combinations were studied in coordination 

patterns defined by the phase of one limb minus the phase of its partner 

(i.e. , the relative phase, ¢> ). Two patterns of coordination were studied, 

either: a) ¢> ::::::: 0° or in- phase movement (S-mode) or; b) ¢> ::::::: 180° or anti

phase movement (D-mode). The six limb combinations were categorized as 

either: 1) homologous- the right arm-left arm (RALA) and the right leg

left leg (RLLL); or 2) nonhomologous - the right arm-right leg (RARL), 

the left arm-left leg (LALL), the right arm-left leg (RALL) and the left 

arm-right leg (LARL). Subjects cycled at their preferred frequency in all 

12 conditions (2 patterns X 6 limb pairs) and were instructed to move 

rhythmically and continuously in the prescribed pattern of coordination. 

Result 1: Relative phase variability was highet· when nonhomolo

gus limb pairs moved in different directions (i.e., D-mode) than 

when they moved in the same direction (i.e., S-mode). No differ

ences were found between modes with homologous limb pairs. 
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The mean relative phase results, shown in Figures 3a and 3c for both 

subjects, demonstrate that subjects were able to maintain the prescribed 

phasing pattern in each condition. However, in both subjects, relative 

phase variability (Figures 3b and 3d) was generally lower when cycling 

nonhomologous limb pairs in-phase than anti-phase, while homologous limb 

pairs proved equally stable in both coordinative modes. The results also 

showed that subjects cycled more slowly in the anti-phase mode than the 

in-phase mode, but only with nonhomologous limb pairs. 

The distinctions in relative phase and cycle duration behavior between 

homologous and nonhomologous limb pairs suggested that anatomical dif

ferences between the arms and legs were influencing their coordinative be

havior. However, the source of this anatomical difference is not clear. For 

example, underlying muscular relationships do not appear to be the primary 

influence on pattern stability. The components of an arm-leg, nonhomolo

gous limb pair producing simultaneous flexion-extension move up and down 

together in the same direction ( <P ~ 0°), while in a flexion-flexion pattern 

they move in opposite directions ( <P ~ 180°). The situation is then reversed 

for homologous limb combinations: flexion-flexion muscle pairings move 

the limbs in the same direction. It could be argued, therefore, that factors 

related t.o a spatial dependence, appear to influence the stability of human 

limb patterns. Same direction, in-phase motions (S-mode) seem inherently 

more stable than different direction, anti-phase motion (D-mode ), regard

less of the underlying anatomical relationships. Of course, this is the case 

only for nonhomologous limb pairs, since homologous limbs were equally 

stable in both coordinative modes. 

One cannot deny, however, that anatomical differences between the 

limbs may be playing a role in these coordinative relationships. When the 
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two components of a limb pair were anatomically similar (e.g., arm-arm or 

leg-leg), no differences in coordinative mode or cycle duration were found. 

However, limbs of a different anatomical makeup (i.e., arm-leg) displayed 

greater relative phase variability and cycled more slowly in the anti-phase 

than the in- phase mode. Despite such clear differences, further interpre

tation of the results is inappropriate without exploring a wider range of 

the control parameter (frequency) in order to see the dynamics of relative 

phase unfold for the different limb pairs. Thus, the results from the first 

experiment led to a second experiment which drove the system away from 

its preferred frequency in the same two-limb conditions. The experimental 

design allowed us the possibility of finding phase transitions (and hence to 

identify relevant order parameter( s), control parameter( s), etc.) and to de

termine whether transitions were primarily from the D- to the S-mode, as 

hinted by the results of Experiment 1. Instructions were similar to those of 

Experiment 1, except that each subject was told not only to maintain the 

prescribed phasing pattern, but to synchronize a complete cycle of move

ment with each beat of an auditory metronome. Required frequency was 

scaled from 1.25 to 3.00 Hz in steps of 0.25 Hz. 

Result 2: Phase transitions were observed from the D- to S

mode and not vice versa with nonhomologous limb pairs. No 

transitions between the D- and S-mode were observed with ho

mologous limbs. 

Nonhomologous limb pairs displayed a striking difference in transition 

behavior between the D- and S-modes in the second experiment. Figure 4a

b show examples of the most frequent behaviors. When prepared in the 

D-mode, spontaneous transitions to the S-mode occurred in 75% of all trials. 
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A second transition to phase wandering, in which relative phase continually 

changes due to one limb cycling faster than the other, was often observed 

in the same trial (see Figure 4a). In contrast, when prepared in the S

mode, transitions to the D-mode occurred in only 2% of all trials. More 

frequently, relative phase remained in-phase throughout the trial ( 42%) or 

switched from the S-mode to phase wandering (56%) (see Figure 4b). As 

in the previous experiment, phase variability was always greater in the D

mode than the S-mode and phase fluctuations were enhanced, on occasion, 

as frequency was increased, suggesting that the main underlying factor 

driving these transitions is loss of stability. When a limb was paired with 

its homologous partner, no transitions from the D- to S-mode or vice versa 

were observed. However, switches from both modes to phase wandering did 

occur at higher frequencies, particularly with the leg-leg limb pair. 

Result 3: Drifting relative phase was observed with nonhomolo

gous limb pairs. Homologous limbs generally remained close to 

their initial value of relative phase. 

A systematic downward drift of relative phase in nonhomologous limb 

pairs was often observed as required frequency increased in Experiment 2. 

Relative phase and relative phase variability means in each plateau for all 

two limb conditions in Experiment 2 are shown for one subject in Figure 5. 

D- and S-mode states correspond to those ~ 180° and 0°, respectively, while 

phase wandering results in a mean value ~ 90°. Drifting relative phase was 

particularly evident in the S-mode (see all arm- leg pairs in Figure 5a), 

because the S-mode remained stable across a wider range of frequencies 

than the D- mode in most trials, making it easier to observe small but 

systematic changes in relative phase. Transitions from the D- to S-mode 
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most often occurred within the first two frequency plateaus (see RA/RL and 

LA/LL in Figure 5b ), making pretransition drift of relative phase difficult to 

observe.1 Figures 5a-b also show that homologous limb pairs (i.e., RA/LA 

& RL/LL) showed very little tendency to drift from their initial values of 

relative phase. In both the S- and D-mode, homologous limb relative phase 

maintained values very close to 0° and 180° , respectively. 

1 In Figure 5b , some D-mode upward drifting is apparent with the right arm/left leg 
(RA/LL) and the left arm/right leg (LA/RL), but this was not systematic or consistent 
across subjects. 
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Result 4: During D- to S-mode transitions, relative phase de

creased in value far more often than it increased in value, sug

gesting that a preferred transition pathway exists between the 

two states. 

An interesting feature of the two-limb transitions is that all subjects 

showed a preference for a particular pathway between coordinative modes 

in Experiment 2. In each transition from the D- to S-mode, a half- cycle 

of movement must be gained or lost in order for the limbs to synchronize. 

This means that with the present relative phase convention, two paths are 

possible when a transition occurs: 1) a 'down' transition in which relative 

phase decreases in value from 1r to 0 rad., due to the arm moving faster 

through one or a succession of cycles relative to the leg; or 2) an 'up' 

transition in which relative phase increases in value from 1r to 21r, due to 

the leg moving faster than the arm for one or a few cycles. 

The histogram in Figure 6 shows the number of each type of transition 

on each frequency plateau. Note that at lower frequencies, there is roughly 

an equal probability of transitions in either direction. However, at higher 

frequencies, the 'down' (arm faster) transitions predominate as the most 

likely path to the in-phase state and ultimately to phase- wandering. 

Result 5: A nonstationary state, namely, phase wandering was 

frequently observed with nonhomologous limb pairs. Phase wan

dering was observed far less often with homologous limb pairs. 

Nonhomologous limb pairs often switched directly to phase wandering 

from both the D-mode (25%) and S-mode (56%) in Experiment 2. Phase 

wandering was also frequently assumed after a D- to S-mode tra...'lsition 

(55% of all D-mode trials), as shown in Figure 4a. Nonstationary relative 
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Figure 6: Distribution of two-limb transition pathways in Experiment 2. 
Solid bars (up) correspond to the leg gaining a half-cycle of movement on 
the arm and striped bars( down) correspond to the arm gaining a half-cycle 
of movement on the leg. 
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phase was observed with homologous limbs only 25% and 17% of the time 

in the S- and D-modes, respectively. 

4.1.2 Summary- Experimental Results 

These five main results from experiments with two limb patterns focus on 

the distinction between homologous and nonhomologous limb pairs. The 

obvious interpretation in terms ofthe Haken et al. (1985) model is to treat 

anatomically similar limbs (i.e., homologous) as symmetric and anatomi

cally different limbs (i.e., nonhomologous) as asymmetric. A review of the 

Haken et al. (1985) model in the previous section revealed three observables 

which distinguished asymmetric from symmetric dynamics. The question is 

how well the symmetric-asymmetric interpretation of the two limb results 

fits the predictions of the model. 

The first prediction of asymmetric dynamics was that stable states dis

played a small but systematic drift as parameters were changed while sym

metric fixed points maintained their initial values up to the point of tran

sition. Such fixed point drift was clearly observed (see Result 3) between 

nonhomologous limb pairs when prepared in the S-mode, but was not as 

prevalent in D-mode trials. D-mode relative phase was generally more 

variable than S-mode relative phase which may have made it difficult tore

solve the small changes in the fixed point that were indicative of drift. The 

mixed results with nonhomologous limb pairs, however, were bolstered by 

the complete lack of drift in homologous limbs. Thus, the first prediction 

of the symmetric-asymmetric distinction was supported in the two limb re

sults, but it was noted that better resolution of the pretransition D-mode 

patterns was necessary. The present thesis experiments were designed to 

enhance subjects' ability to remain in the D-mode by lowering the range of 
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required frequency and decreasing the step size between frequency plateaus. 

The second prediction of asymmetric dynamics, a preferred transition 

path between stationary states, found strong support in the two limb re

sults (see result 4). The interesting aspect of the transition pathway results 

was that at low frequencies (i.e., Figure 6 - 1.25 & 1.50 Hz), nonhomolo

gous limb transitions behaved symmetrically, showing an equal number of 

transitions in both increasing and deceasing values of relative phase. At 

higher frequencies, the up pathway disappeared, suggesting that asymmet

ric dynamics was now the rule. For this reason, nonhomologous limbs may 

be considered a symmetric system at low frequencies whose symmetry is 

then broken as required frequency is increased (for a discussion of broken 

symmetry, see Anderson, 1972). 

The third prediction of asymmetric dynamics, nonstationary states, was 

also well supported by the two limb results. Nonhomologous limbs often 

displayed two transitions within a trial, D- to S-mode and then S-mode 

to phase wandering, exactly as predicted by the asymmetric model. More 

curious were the transitions to phast: wandering with homologous limbs. 

According to the symmetric model, symmetric dynamics should display 

only stationary states. Obviously, the symmetric label on anatomically 

similar limbs is a bit simplistic. There may be many other sources of asym

metry between homologous limbs that are not evident from purely physical 

characteristics (e.g., handedness, perception of different limbs, etc.). Ho

mologous limb pair results from both Experiment 1 and 2 also demonstrated 

little difference in stability in either coordinative mode and showed none of 

the predicted transitions from the D- to S-mode. One may conclude that a 

wider range of the control parameter must be explored to thoroughly test 

whether the predictions of the Haken et al. (1985) model apply to homolo-
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gous limb pairs. After such experiments, if homologous limb behavior still 

does not comply to theoretical predictions, then we may conclude that the 

Haken et al. (1985) model does not describe the behavior of homologous 

limbs very well. However, this does not mean that a symmetric descrip

tion of homologous limb dynamics is invalid, but only the particular form 

of the symmetric model used to describe the bimanual system (Haken et 

al., 1985; Schaner et al., 1986). There are many other possible symmetric 

models that may describe the homologous limb results. 

Our focus throughout the two and four limb research, however, was not 

to model explicitly the human arm and leg system. The goal was rather 

to understand how the coordinative dynamics of components with different 

anatomical properties differ from those with similar anatomical properties. 

The bimanual case is an example of a similar component system that has 

been well studied from a number of different perspectives (e.g., spontaneous 

transitions, intentional transitions, learning, etc.). Homologous limb pairs 

in the human arm-leg system may provide further insight into symmetric 

dynamics. The asymmetric case, though, is not as well understood. We 

have evidence that the rhythmical patterns between a human arm and leg 

are governed by asymmetric dynamics, but the nature of that asymmetry is 

merely intuitive at this point. Therefore, the purpose of the present exper

iments was to identify one source of the coordinative asymmetry between a 

human arm and leg by manipulating an obvious difference between the two 

components, inertial mass. If the symmetry properties of arm-leg relative 

phase dynamics are systematically influenced by the manipulation of iner

tial differences between the components, then we have provided evidence 

that symmetry is a useful cont:eptual tool to characterize the distinction be

tween same component versus different component coordinative dynamics. 
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From this perspective, inertial mass is merely one example of component 

differences, that is, any source of asymmetry may lead to the same predic

tions. Below we present a brief summary of the theoretical predictions of 

the present experiments. 

4.2 Theoretical Predictions 

Experiment 1. The first experiment prepared subjects in the D-mode 

using a single arm-leg pair and implemented the same frequency scaling 

methodology as in the experiment reviewed above (Results 2-5). In addi

tion, a small weight was added to either the arm or leg, in order to minimize 

or enhance the inertial differences between the components. The question 

was whether the manipulation of the inertial properties of the limbs would 

influence the symmetry of their coordinative dynamics. If adding weight 

to the arm reduces the asymmetry of the relative phase dynamics with an 

arm-leg pair, then the Haken et al. (1985) model predicts that, compared 

to the case with no weight added: 1) stable states should remain closer to 

their initial value, that is, less evidence of drifting fixed points; 2) transition 

pathways should show more of an equiprobable distribution in the down and 

up direction; and 3) nonstationary states should be less prevalent, that is, 

little or no phase wandering. On the contrary, if adding weight to the leg 

enhances the coordinative asymmetry between the two components, then 

compared to the unloaded case: 1) stable Rtates should drift even further 

from their initial value; 2) the number of transitions should increase in the 

down direction and decrease in the up direction; and 3) a higher incidence 

of phase wandering should be observed. 

Experiment 2. A second experiment implemented the same frequency 

scaling and limb loading methodology as Experiment 1, with an additional 
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manipulation, mechanical perturbations to the limbs. Perturbations were 

used to probe the dynamics of arm-leg patterns by measuring the number of 

perturbation-induced transitions in either increasing or decreasing values of 

relative phase. Perturbation-induced transitions were predicted to be influ

enced by loading the limbs in the same manner as spontaneous transitions 

in Experiment 1. When compared to the no load condition, an increase in 

perturbation-induced transitions was predicted in the down direction when 

the leg was loaded, while more of an equiprobable distribution of transitions 

in either the up or down direction was predicted when the arm was loaded. 

Furthermore, perturbations allowed for a measure of relaxation time, which 

previously had not been tested in the arm-leg system. If the transition is 

due to loss of stability, relaxation time was predicted to increase with the 

control parameter up to the transition and then decrease when the system 

settles into a post- transition state. No effects on relaxation time were 

predicted due to loading. 
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5 Experiment 1 

This experiment tested whether one source of dynamical asymmetry in 

the coordinative relationship between an arm and a leg was due to the 

differing biomechanical properties of the limbs. A 1.82 kg weight was used 

to change the relative inertial differences between and arm and a leg while 

the ipsilateral limb pair of the dominant hand moved rhythmically in the 

previously described D-mode. Three loading conditions were used: 1) no 

load; 2) arm load; or 3) leg load. Adding weight to the arm was intended to 

decrease the inertial differences between the limbs while loading the leg was 

intended to increase the inertial differences, when compared to the no load 

case. The question was whether changing the relative mass of the limbs 

affected the symmetry properties of their coordinative dynamics. If so, 

then according to the Haken et al. (1985) model, loading the arm should 

minimize dynamical asymmetry and lead to: 1) stable states remaining 

closer to their initial value, that is, less evidence of drifting fixed points; 

2) transition pathways showing more of an equiprobable distribution in the 

down and up direction; and 3) less prevalence of nonstationary states, that 

is, little or no phase wandering. On the contrary, if adding weight to the leg 

enhances the coordinative asymmetry between the two components, then 

compared to the unloaded case: 1) stable states should drift further from 

their initial value; 2) the number of transitions should increase in the down 

direction and decrease in the up direction; and 3) a higher incidence of 

phase wandering should be observed. 
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5.1 Methods 

5.1.1 Subjects 

Six adult subjects aged 18-30 years participated in Experiment 1. All 

subjects were right-handed except one, who was left-handed. All subjects 

were naive to the purpose of the experiment. 

5.1.2 Apparatus 

In this and the following experiment, subjects were comfortably seated in 

the Multi-Articulation Coordination (MAC) apparatus, which allows the 

simultaneous measurement of position and velocity of all four limbs. The 

MAC apparatus consists of a welded steel frame with a built-in seat that 

supports an average- sized adult (see Figure 7). The padded wooden seat is 

angled slightly upwards (approximately 20") to insure that the feet swing 

freely without touching the floor. The seat is also designed so that the 

limb shaft mountings on either side allow enough space for comfort, while 

inhibiting movement of the knee joint in the horizontal plane. By sliding 

forward or backward, the padded back support of the MAC is capable of 

adjusting for different hip-to-knee lengths. Such flexibility insures that the 

edge of the seat is always directly underneath the knee joint, thus limiting 

cycling movements to the lower leg. 

The subject's arms were positioned so that the posterior side of the 

upper arm rested against an immovable pad attached to the back support. 

The subject's wrists were strapped to a shaft which restricted movement 

of the wrist joint, but allowed full flexion and extension around the elbow 

joint. The subject's legs were strapped at the ankle to similar shafts that 

allowed 135° of extension-flexion of the knee, but prevented movement of 
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the ankle joint. Thus, cycling movements of all four limbs were limited to a 

single joint per limb in the sagittal plane. All subjects removed their shoes 

in the experiment, so that the legs were not artificially loaded. A head rest 

was also used, not only for comfort, but to guarantee a consistent trunk 

position during the experiments. 

Each limb shaft of the MAC is attached to a Celesco DV-301-10A trans

ducer, which simultaneously monitors limb velocity and position with a 

linear tachometer and a precision potentiometer. Cycling movements gen

erate voltage signals which are adjusted for gain and DC-offset through 

an interface box before passing through a low pass hardware filter with a 

bandwidth of 0-16 Hz. An auditory metronome was used to vary cycling 

frequencies. The auditory stimulus is generated by a Macintosh Ilcx per

sonal computer and then modulated through an interface board to produce 

a train of 50 msec square wave pulses. The pulses are fed into a loud

speaker, producing a series of beep-like sounds. All five channels ((position 

+ velocity) x two limbs + metronome) were digitized at 200 Hz in real 

time using a MicroVAX II Vaxlab system and the Interactive Laboratory 

System (ILS) signal processing software package. 

5.1.3 Procedures 

Subjects were comfortably seated in the MAC apparatus. The ipsilateral 

limb pair involving each subject's dominant hand was used throughout the 

experiment, that is, if the subject was right-handed, the RARL was used 

and if the subject was left-handed, the LALL was used. Only one subject 

was left-handed. 

The initial condition for each trial was the anti-phase pattern or D

mode, in which the arm moves up as the leg moves down and vice versa. 
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Movement frequency was used as the control parameter. Each trial con

sisted of six frequency plateaus of 10 seconds apiece, beginning at 1.0 Hz 

and ending at 2.25 Hz in steps of 0.25 Hz. Total trial length was 60 seconds. 

Each subject was required to perform £.ve frequency scaling practice trials 

beginning at 1 Hz to insure that the anti-phase pattern was maintained 

for at least three frequency plateaus before switching to the in-phase pat

tern. If after five practice trials, a subject was unable to reach the third 

frequency plateau in the anti-phase pattern, the experiment was stopped 

and this subject was not used. Only one person failed the pre-test and did 

not participate in the experiment. 

The actual experimental trials were grouped into six randomized blocks 

of five trials apiece. Each block tested one of three conditions; no load, the 

arm loaded or the leg loaded. The load consisted of an adjustable foam 

weight that wa.s strapped around the ankle or wrist. Pilot experiments 

demonstrated that 1.8 kg was an appropriate weight in terms of comfort, 

while still producing a loading effect. Each subject was measured for their 

knee-to-ankle and elbow-to-wrist distance to determine the additional mo

ment of inertia due to loading. 

Each loading condition was tested in two identical blocks of five trials 

apiece, for a total of 10 trials per condition and 30 trials for the entire 

experiment. Conditions were broken up into two identical blocks for two 

reasons: 1) to minimize fatigue from loading the same limb on successive 

trials; and 2) to minimize the effects of unloading a limb and then perform

ing a new condition. The latter is more commonly known as 'kinesthetic 

aftereffect' and which influences limb movements for 1-3 minutes after load

ing (Carlson, 1963; Singer & Day, 1965). Time between blocks was on the 

order of five minutes, thus, no effects due to unloading were expected. 
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Subjects were instructed to maintain the prescribed phasing pattern 

and to synchronize a complete cycle of movement with each beat of the 

metronome. It was also emphasized to move smoothly and continuously 

without any hesitations or jerky movements. Furthermore, subjects were 

instructed that if they should feel the pattern begin to change, they should 

try not to resist, but to perform the pattern that seems most comfortable or 

natural. Subjects began cycling as soon as they heard the first metronome 

beat and stopped cycling after the last metronome beat. 

5.1.4 Analysis 

Relative phase. A single peak-to-peak measure of relative phase between 

two moving components is schematically pictured in Figure 8. Changes in 

the lead-lag relationship or in the mode of coordination between compo

nents resulted in occasional discontinuities in relative phase, necessitating 

software which calculated relative phase in three intervals: 1) 0 to 2n rad.; 

2) -n to +n rad.; and 3) the absolute value of -n to +n rad. The first two 

intervals were used when subjects maintained relative phase values centered 

around 180° and 0°, respectively. The latter measurement was used when 

the phasing pattern changed continuously, due for example, to the limbs 

cycling at different frequencies. The various effects of loading on relative 

phase behavior are shown in Figure 9a-b. Three measures were used to 

characterize these effects: 

1. To determine any systematic effects of loading on transitions between 

relative phase states, the percentage of observed transitions within 

each loading condition and across all subjects were compiled. Sta

tionary relative phase values equal to 0°(±45°) were considered in 
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Figure 8: A single measurement of relative phase. Each trajectory is first 
sampled at the maximum value of each individual cycle. One signal is 
chosen as the reference cycle and one as the target cycle. Relative phase is 
calculated according to the above algorithm. 

the S-mode and values equal to 180°(±45°) were considered in the 

D-mode. Nonstationary behavior, during which relative phase values 

continuously increased or decreased from cycle-to-cycle, was catego

rized as phase wandering. A transition between any two stationary 

states was defined as at least two successive cycles of movement in a 

given state before a transition and two successive cycles of movement 

in another state after a transition. Transitions from a stationary state 

to phase wandering were also compiled, since they have theoretical 

significance in terms of the symmetry properties of the Haken et al. 

( 1985) model. 
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(a) 

(b) 

Figure 9: Point estimate of relative phase showing D- to S-mode to phase 
wandering transitions from two different arm-leg trials. (a) down transition 
(b) up transition. Note the decreasing drift of the fixed point previous to the 
'down' transition in (a). Vertical lines at the end of each trial correspond 
to phase wandering. 

2. A decrease in the value of relative phase just prior toaD- to S-mode 

transition can be seen in Figure 9a. To determine whether such a 

drift in the value of relative phase was consistent across trials , either 

before or after a transition, a mean and standard deviation of relative 

phase was calculated between tbe 3rd and lOth second of the plateau 

in all plateaus. The first two seconds of each plateau were not used 

in the calculation of relative phase to allow for transients, due to a 

change in frequency, to die out. Because transitions often occurred 
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at different frequencies from trial to trial, pre- and post-transition 

frequency plateaus were assigned normalized values according to the 

transition frequency in each trial. Frequency plateaus prior to the 

transition plateau were assigned negative values (i.e., '-1' =the fre

quency plateau immediately preceding the transition plateau), while 

frequency plateaus after the transition were assigned positive values 

(i.e., '+1' = the frequency plateau immediately after the transition 

plateau). Frequency plateaus of the same normalized value were col

lapsed into means for each subject, which were then further averaged 

into grand means across subjects. The same procedure was used to 

analyze the standard deviation of relative phase as a measure of the 

stability of the collective variable. 

3. The frequency distribution of up vs. down transitions was compiled 

and analyzed for differences in each loading condition. Examples of 

the 'down' and 'up' transition pathways are shown in Figure 9a-b. 

Even though numerous classification schemes are possible, transition 

pathways were characterized as up vs. down for two reasons: 1) up 

versus down refers to the direction in which relative phase flows during 

a transition and can be generalized to a variety of different systems; 

and 2) either pathway can be realized in a number of different ways 

kinematically. For example, in a down transition, the arm moves 

faster relative to the leg, meaning that the arm may: a) speed up 

while the leg slows down; b) speed up as the leg remains at a constant 

cycling frequency; c) remain at a constant frequency while the leg 

slows down; and so forth. This makes it difficult to characterize 

pathways kinematically and remain general to other systems as a 
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dynamical measure of asymmetry. 

The direction of the transition was determined with graphical soft

ware which plotted peak-to-peak relative phase as a function of time. 

The direction of the transition was readily observed though visual in

spection. However, this software did not account for 'skipped cycles', 

that is, when one component cycled more than once relative to one 

cycle of the other component. This could lead to an erroneous graph

ical representation of relative phase. Thus, another software program 

calculated relative phase on a half-cycle basis and recorded each value 

in a text file to double-check the direction of the transition. 

Movement Kinematics. A software peak-picking routine was used to 

determine the cycle extrema of the angular displacement of each component 

in each trial. This program then used a calibration constant to calculate 

the absolute displacement and the duration of each half- cycle of movement. 

The mean and SD for each of these measures was calculated over the same 

interval as the relative phase in each frequency plateau. A grand mean 

was obtained across trials and across subjects by collapsing individual trial 

means into a single measure for each frequency plateau. Cycle durations 

were analyzed in terms of full cycle durations if no effects for half- cycle 

duration were found. 

The individual cycle durations of each component were also compared 

during the bifurcation to determine their relative contribution to the change 

in pattern. For each type of transition (i.e., down or up), the relative 

cycling behavior was grouped into two categories: 1) Down transitions -

during which the the arm speeds up relative to the leg or the leg slows 

down relative to the arm; and 2) Up transitions - during which the leg 
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speeds up relative to the arm or the arm slows down relative to the leg. 

Statistics. Statistical analysis focused upon the effects of cycling fre

quency on relative phase and relative phase variability. Two-way Mode 

x Frequency ANOVAs were run to compare relative phase and relative 

phase standard deviation in the three loading conditions. The experimen

tal variables that were distributional, such as transition type, transition 

pathways and transition component frequencies, used a x2 statistical anal

ysis to compare the effects of the different loading conditions. Transition 

type and transition pathway results were compiled in terms of the percent

age of each pathway within a loading condition. When pathway results were 

analyzed as a function of required frequency, percentages were calculated 

in terms of the total number of transitions at each frequency. A x2 anal

ysis compared the distribution of pathways at each frequency in pairwise 

analyses of the loading conditions. Pearson-product moment correlations 

between individual limb cycle durations and the metronome frequency were 

used to determine the ability of subjects to maintain the required frequency. 

A two-way Load x Frequency ANOVA analyzed the differences in angular 

displacement across loading condition within each limb. All results were 

compiled across all subjects, including the left handed subject. 
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5.2 Results 

5.2.1 Transition Behavior 

Figure 10 shows how the different loading condit ions affected the percent

age of each type of transition observed. An obvious trade-off exists between 

100 

(J) 
75 z 

0 .,._ 
(J) 
z 

50 ~ .,._ 
LL 
0 
'#- 25 

0 

TRANSITION 

NO 

- 0-S 
~ 0-W 
8888 0-S-W 
c=J 

LEG 

LOAD 

NO 

ARM 

Figure 10: The percentage of each type of transition in each loading condi
tion. The percentage of D- to S-mode transitions decrease when the leg is 
loaded and increase with arm loading, compan~d to the no load condition. 
The opposite is true forD-mode to phase wandering transitions. 

the D- to S-mode and D-mode to phase wandering transitions when weight 

is added to the arm versus the leg. Compared to the no load condition, 

loading the leg led t.o an increase in the percentage of D- to phase wandering 

transitions and a decrease in the percentage of D- to S-mode transitions. 
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However, with the arm loaded, D- to S-mode transitions increased whileD

to phase wandering transitions decreased, compared to the no load case. 

Statistical differences arose for the distribution of transitions between no 

load vs. arm load (x2 (1) = 6.53, p < .02) and leg load vs. arm load 

(x2 (1) = 11.94, p < .01). 

5.2.2 Relative Phase 

Pretransition Mean Relative Phase. Figure lla shows the pretransi

tion mean relative phase collapsed across subjects when normalized to the 

transition plateau. Even though small differences in relative phase are ap

parent between loading conditions, a Load x Frequency ANOVA revealed 

only a main effect for frequency (F(3, 456) = 3.57, p< .02). Posthoc Tukey 

tests revealed differences for pretransition relative phase between plateaus 

-1 versus -3 and -1 versus -4, emphasizing that the abrupt increase in rela

tive phase just prior to the transition (i.e., plateau -1) was responsible for 

the significant effect. Such upward drift of relative phase is curious because 

it is opposite to that predicted by the asymmetric form of the Haken et al. 

(1985) model (Kelso et al., 1990). One may argue that by normalizing the 

transition plateau across subjects, differences between loading conditions 

may become obscured by collapsing across different frequencies. However, 

collapsing according to absolute frequency also revealed no differences be

tween loading conditions. Individual subjects generally showed the same 

pattern of relative phase results; either no differences between conditions 

or differences that did not change systematically with required frequency. 

Clearly, the predicted drifting fixed point was not observed prior to the 

transition. Possible reasons for this result will be addressed in the discus-

SlOn. 
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Figure 11: Pretransition relative phase behavior collapsed across subjects 
in each loading condition as a function of normalized frequency plateaus. 
a) Mean relative phase. b) Mean standard deviation of relative phase. 
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Pretransition Relative Phase Fluctuations. Figure 11 b shows the stan

dard deviation of relative phase collapsed across subjects as a function of 

required frequency, normalized to the transition plateau. In each loading 

condition, the standard deviation of relative phase increased as the transi

tion frequency was approached, supporting the theoretical prediction that 

loss of stability is the mechanism for pattern change, regardless of loading 

condition. Differences in relative phase fluctuations due to loading were 

not observed, as a two-way Load x Frequency ANOVA revealed only a 

significant main effect for frequency (F(3,464) = 64.57, p< .001). Posthoc 

tests revealed differences between all frequency plateaus. 

Post-transition Mean Relative Phase. Mean relative phase after the 

transition from the D-mode is shown in Figure 12a. Differences in post

transition relative phase were readily apparent between loading conditions, 

supported statistically by significant main effects for Load (F(2, 140) = 
21.3, p< .001) and Frequency (F(2, 140) = 7.31, p< .002). No interaction 

effects were found. Relative phase was highest (i.e., close to 0°) in the 

arm loading condition and shifted progressively lower in the no load and 

leg load conditions, respectively. Posthoc comparisons showed significant 

differences between all three conditions of load. A significant increase in 

relative phase due to frequency was found in comparisons between plateaus 

1 versus 3 and 2 versus 3. 

Post-transition Relative Phase Fluctuations. There were no significant 

effects for post--transition relative phase variability, which is shown in Fig

ure 12b. The variability of post-transition relative phase was approximately 

the same value as that just prior to the transition from the D-mode (i.e., ~ 

20°). This may not be too surprising considering that subjects often stayed 

in the S-mode for only brief periods post-transition or even skipped the S-
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Figure 12: Post-transition relative phase behavior normalized to the tran
sition frequency and collapsed across all subjects. a) Mean relative phase 
b) Mean standard deviation of relative phase. 
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mode completely (e.g., Subject JS always switched from D mode to phase

wandering). Even though most subjects switched to the S-mode from the 

D-mode, the high standard deviation of relative phase after the transition 

indicates that 0° was not an extremely stable pattern at higher frequencies. 

In fact, only two of the six subjects were able to maintain the S-mode for 

more than one post-transition frequency plateau consistently, across all the 

loading conditions. The arm and leg of most subjects became uncoupled 

post-transition, resulting in phase wandering behavior. 

5.2.3 Transition Pathways 

Figure 13 displays the percentages of the down vs. up pathway in each 

loading condition, collapsed across all subjects and all trials. Compared 

to the no load case, adding weight to the leg led to an increase in the 

percentage of down transitions (striped bars) and a corresponding decrease 

in up transitions (black bars). In contrast, loading the arm had the opposite 

effect, as the percentage of up transitions increased while down transitions 

decreased in comparison to either the no or leg load conditions. Statistical 

analyses of the relative frequency of transitions in each condition proved to 

be significant between the no load vs. arm load conditions (x2 (1) = 8.23, 

p < .01) and between the leg load vs. arm load conditions (x2 (1) = 17.89, 

p < .001). No statistical differences emerged between the no load vs. leg 

load conditions. 

The distributions of percentages of each pathway within each loading 

condition are displayed in Figures 14a-c as a function of required frequency. 

Percentages are based upon the total number of transitions within each 

frequency plateau. In general, the same effects observed across frequency 

emerge within individual frequency plateaus. For example, a comparison 
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Figure 13: The percentage of each transition pathway within each loading 
condition collapsed across all subjects. 

of the no load (Figure 14a) versus leg load (Figure 14b) condition revealed 

that more 'down' transitions and fewer 'up' transitions were observed in 

the leg load condition at all frequencies between 1.25-2.00 Hz. Statistical 

analyses showed that these differences were significant at 1.25, 1. 75 and 

2.00 Hz (see Table 1). Likewise, the arm load versus leg load comparison 

showed that at every frequency except 2.25 Hz, weighting the arm resulted 

in a higher percentage of up transitions and a lower percentage of down 

transitions. 
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Figure 14: The percentage of each transition pathway within each loading 
condition as a function of required frequency. a) No load. b) Leg load. c) 
Arm load. 
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Table 1: x2 values for transition pathway comparisons (p< .01). 
Load Pair Frequency (Hz) 

1.00 1.25 1.50 1.75 2.00 2.25 
No vs. Leg n.s. 50.00 n.s. 6.82 27.31 12.77 
No vs. Arm n.s. n.s. 10.70 5.52 n.s. n.s. 
Arm vs. Leg n.s. 50.00 12.06 22.84 12.06 12.77 

The no load versus arm load comparison resulted in significant effects at 

only 1.50 and 1. 75 Hz, with the arm load case showing a larger percentage 

of up transitions at both frequencies. 

Another view of the influence of loading on transition pathways is shown 

in Figure 15a-c. Individual relative phase trajectories of each trial for each 

loading condition for Subject JB are plotted as a function of time. Down 

and up transition trials are distinguished by black and white dots, respec

tively. Relative phase is centered around 180° in order to highlight trajec

tories following the up versus down pathways. Note the predominance of 

down transitions (black dots) in the no load and leg load conditions, while 

almost all transitions under arm loading are in the up direction (white dots). 

Furthermore, post-transition accumulations of dots below 360° (i.e., oo) in 

the leg load condition (Figure 15b) and dots above 0° in the arm load con

dition (Figure 15c) demonstrate the shift in post-transition relative phase 

due to loading as predicted by the Kelso et al. (1990) model. 

5.2.4 Component Behavior 

Cycle Duration. Figure 16 shows the cycle duration means (solid lines) 

and standard deviation (dotted lines) collapsed across all subjects for each 

limb at each frequency plateau. The required frequency is also plotted 
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as a comparison marker (i.e., Metro). In general, subjects followed the 

metronome very well, with deviations occurring only at the highest fre

quencies. A Pearson product-moment correlation analysis between individ-

1.oo----=------------------r 0.100 

.-
(.) 
Q) 

~ 0.75 

z 
0 
...... 
<( 
cr:: 0.50 
::> 
0 
w 
...J 
(..) >- 0.25 
(..) 

A., 

-----------A.-. ____ _ 

AAA: ARM 
L L L LEG 
~~M METRO 

r.---- ---~ ___ ::~:::::::::1\• ••:··=~:::::::=£ 
SD ~--p.--A ARM 

r;-17-r; LEG 

.-
(.) 
Q) 
(/) 

0.075 0 
en 
z 
0 

0.050 ~ 
cr:: 
::> 
0 
w 

0.025 d 
>
(..) 

o.oo-<-~-----------~--.---r o.ooo 
1.00 1.25 1.50 1. 75 2.00 2.25 

REQUIRED FREQUENCY (Hz) 

Figure 16: Arm and leg full cycle durations collapsed across loading condi
tions and subjects as a function of required frequency. 

uallimb frequencies and the metronome frequency, collapsed across loading 

conditions, supported this finding. Correlations were 0.98 for both limbs. 

The fact that high correlation coefficients were realized even when cycle du

rations were collapsed across condition highlights that the effects of loading 

are not as apparent in the individual limb frequencies as in the coordinative 

behavior of a limb pair. 

Two-way Limb X Frequency interactions proved significant for both 
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mean cycle duration (F(5, 1782) = 2.30, p< .05) and cycle duration vari

ability (F(5, 1782) = 20.59, p< .001). Figure 16 shows that the differences 

between the limbs in mean cycle duration were small, but that the arm was 

slightly closer to the metronome frequency. In contrast, the arm proved 

to be much more variable than the leg, particularly at low frequencies (see 

Figure 16). Contrast analyses revealed significant differences between the 

limbs in mean cycle duration at all frequencies but 1.25 Hz and differences 

in cycle duration variability at all frequencies except 1. 75 and 2.25 Hz. 

Relative Component Frequencies at Transition. The individual limb 

half-cycle durations were compared and compiled across trial and subject 

during each transition. In the down transitions, the arm gained a half-cycle 

on the leg (i.e., arm faster) in 93% of all trials, meaning that the arm sped 

up to enable the transition. In the remaining down transition trials, the 

leg slowed down to lose a half-cycle on the arm (i.e., leg slower). All of the 

'leg slower' cases occurred when the arm was loaded, demonstrating that 

arm loading did not always change the predominant transition pathway 

from down to up, but instead influenced the manner in which the down 

pathway was achieved. Differences in the distribution of relative component 

frequency behavior during down transitions was significant between the no 

vs. arm load conditions (x2 (1) = 8.37, p < .01) and the leg vs. arm load 

(x2 (1) = 10.40, p < .01) conditions. 

During up transitions, the leg sped up in 93% of all cases. In three 

instances, all when the leg was loaded, the arm slowed down to initiate an up 

transition. When the distributions of component behavior were compared 

within the up transitions, statistical differences arose in the no vs. leg load 

comparison (x2 (1) = 4.48, p < .05) and the arm vs. leg load comparison 

(x2 (1) = 4.29, p < .05). 
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Angular Displacement. Figures 17a-b display the mean angular dis

placement (solid lines) and standard deviation (dotted lines) for the arm 

and leg, respectively. Both limbs displayed significant main effects for both 

Load (arm: F(2,891) = 21.85, p< .001, leg: F(2,891)=13.98, p< .001) 

and Frequency (arm: F(5,888) = 44.85, p< .001), leg:F(5,888) = 25.16, 

p< .001 ). Across all loading conditions, mean displacement decreased with 

increasing frequency. Smaller displacements were observed in each limb 

when loaded than when unloaded. For example, in Figure 17a, right arm 

displacement is lowest when the arm is weighted, while in Figure 17b, right 

leg displacement is lowest with additional weight added to the leg. Posthoc 

tests revealed that arm displacement was significantly different with all 

pairwise comparisons for load. Leg displacement was significantly differ

ent only when the leg load condition was compared to the arm load or 

no load cases. Pairwise comparisons of displacement between frequency 

plateaus showed significance in every case for both limbs except for the 

arm between 1.00 and 1.25 Hz. 

Angular displacement variability showed only main effects for frequency 

with both limbs (arm: F(5,888) = 2.50, p< .03 and leg: F(5,888) = 3.78, 

p< .003). Figure 17a-b shows that these frequency effects were minor, as 

displacement variability remained relatively small across frequency. 
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5.3 Discussion 

The first experiment has provided further evi(lence that the dynamic 

principles of coordinated movement patterns are 3.pplicable to a system 

composed of anatomically distinct components. Consistent with previous 

empirical evidence (Kelso & Jeka, in press), unidirectional transitions were 

observed in the collective varie>"ble, relative phase, from the D- to S-mode 

and not vice versa. Furthermore, loss of stability was firmly established 

as the mecha.:nisrn underlying pattern change, due to a systematic increase 

in collective variable fluctuations as the critical frequency was approached. 

The latter finding is particularly important, be.:ause enhancement of fluctu

ations has been observed only sporadically in previous MAC experiments, 

in which subjects often switched early in the trial within the first two 

frequency plateaus. The interpretation was that the range of the control 

parameter was too high, resulting in transiti0ns before the system lost sta

bility (see time scales discussion, JeJ::a & Kelso, 1989). By lowering the 

range of required cycling frc~quency (1.0-2.25 Hz) and increasing the dura

tion of each frequen::y plateau (10 s ), better ·resolution of relative phase 

variability was reali?.ed in the present experiment. The result was that 

critical fluctuations we.re obs~~rved i:n rcl1 but cue subject. 

Insight illto the role of symmetry in hun1.an movement. patterns was 

a,lso established through phenomena, predicted by the asymmetric form of 

Equation 4 (Haken et al., 1985; Kelso et al., 1990). Instances of drifting 

fixed points., preferred transition paths, etc. had been observed in previous 

exp~~riil:tents (Kelso&, Jeka., in press), but the present research was the first 

tim~ that boundary corlditions were directly manipulated to focus on the 

t;Ource of these a!:'ynnnet:ric phenomena. By changmg the relative mass of 



the human arm and leg, we have established that biophysical differences 

between the limbs contribute to the coordinative asymmetries observed. 

Two of the predicted phenomena, preferred transition pathways and 

phase wandering, were particularly robust. Loading the different limbs 

theoretically changed the bias of the basin of attraction surrounding the 

fixed point at <P ~ 1r. Adding weight to the leg enhanced this bias and 

increased the probability of transitions in the down direction, while loading 

the arm minimized the bias and equalized the probability of transitions in 

either direction. In essence, weighting the arm was an attempt to approxi

mate the symmetric case (i.e., n = 0). Moreover, introducing a symmetry

breaking term into the dynamics resulted in a progressive downward shift 

of the entire coupling function (see Figures 2d-f), until a succession of two 

saddle-node bifurcations left the function completely below the <P-axis with 

no stationary solutions (i.e., no intersections with the <P-axis ). Empirical 

support for this shift was observed in the data. Phase wandering was fre

quently observed when the leg was loaded and very little (or not at all) in 

the arm load condition. The remarkable aspect of the present results was 

that the simple manipulation of changing the relative mass of the limbs 

systematically influenced the symmetry constraints of the system. Em

pirically defining other sources of asymmetry seems entirely feasible (see 

General Discussion). 

The results on the third prediction, drifting fixed point behavior, were 

mixed. Pretransition relative phase showed no systematic drift in the pre

dicted down direction across subjects. However, post-transition relative 

phase was influenced by load exactly as predicted by Equation 4. When 

symmetry is preserved in the relative phase dynamics (i.e., n = 0), stable 

fixed points exist exactly at 0 and 1r. However, if n becomes < 0, the cou-
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pling function shifts downward, resulting in a leftward shift along the 4>-axis 

of the negative slope intersection points, that is, the stable fixed points at 

0 and 1r decrease slightly. Consistent with these model predictions, relative 

phase was closest to 0° when the difference in mass of the limbs was small

est (i.e., arm loaded) and furthest below 0° when the inertial differences 

were largest (i.e., leg loaded). 

The finding that loading affected only post-transition relative phase sug

gests that the coordinative effects may only begin to emerge when frequen

cies are high enough to magnify inertial differences. Obviously, the chances 

of biomechanical differences being reflected in the coordination dynamics 

increases with driving frequency, since angular momentum is the product 

of mass and angular velocity. The problem is that instabilities also arise 

as cycling frequency increases, enhancing the probability of switching from 

the D- to S-mode. One is somewhat trapped in this case, since dynamical 

asymmetry and instability grovv together. From this perspective, it is not 

surprising that post-trar!sition relative phase displayed more robust loading 

effects than pretransition relative phase. Even though symmetry-breaking 

effects are observable through either stable state at 0 or 1r, 4> = 0 is stable 

over a much greater range of the control parameter than 4> = 1r and provides 

a better opportunity empirically to see the asymmetric phenomena unfold. 

One methodological way to deal with this problem would be to implement 

a nonlinear step size for the control parameter. Smail frequency steps at 

low frequencies followed by progressively larger steps at higher frequencies 

may offer the full range of frequency necessary to induce transitions, but 

with sufficiently fine resolution in the less stable pattern to observe drifting 

fixed point behavior. 

We are left with a. concise but incomplete picture. A fundamental pre-
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diction of the dynamic approach has been partially satisfied: Loss of sta

bility has been shown to be the primary mechanism underlying pattern 

change in a system with inherent asymmetries, observable as enhancement 

of fluctuations in the collective variable. Furthermore, new dynamic ob

servables have been established that distinguish the coordination between 

asymmetric components from those with identical kinematic properties. 

However, still unsatisfied is another basic feature that is crucial to estab

lish loss of stability as the mechanism for pattern change, namely, relaxation 

time. Convergent with critical fluctuations, a parallel increase in relaxation 

time is predicted near a nonequilibrium phase transition (Haken, 1983; see 

Schaner et al., 1986 for specific model). Thus, a second experiment tested 

the relaxation time prediction within a perturbation paradigm and deter

mined if perturbation-induced transitions serve as another measure of dy

namical asymmetry. The loading conditions were retained to observe any 

new features that may emerge due to manipulation of the symmetry of the 

coordinative dynamics. 
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6 Experiment 2 

The first experiment fot:.nd that inertial differences between the arm and 

the leg influenced their coordinative dynamics, consistent with theoretical 

prediction. Experiment 2 implemented the same frequency scaling and limb 

loading methodology as Experiment 1, with the additional manipulation of 

mechanical perturbations to the limbs. Perturbations were added for two 

reasons. First, the symmetry of arm-leg dynamics was probed by measur

ing the number of perturbation-induced transitions in either increasing or 

decreasing values of relative phase. Perturbation-induced transitions were 

predicted to be influenced by loading the limbs in the same manner as 

spontaneous transitions in Experiment 1. When compared to the no load 

condition, loading the leg should lead to an increase of perturbation-induced 

transitions in the down direction, while a more equiprobable distribution of 

transition paths was predicted when the arm wa,s loaded. Second, pertur

bations allowed for a measure of relaxation time, which previously had not 

been tested in the arm-leg system. Relaxation time was predicted to in

crease with frequency up to the transition and then decrease post-transition. 

No effects on relaxation time were predicted due to loading. 

6.1 Methods 

6.1.1 Subjects 

Six subjects, aged 18-30 years, participated in Experiment 2. All subjects 

were right-handed and naive to the purpose of the experiment. 
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6.1.2 Apparatus 

The MAC apparatus was modified to allow for perturbations to the indi

vidual limbs. Perturbations were induced via the use of two Compumotor 

A106-205 stepping motors connected to a cam that rotates to push a brake 

pad against the rotational joint of the limb shaft. The two motors are 

mounted on brackets that allow them to be situated for any chosen limb. 

The stepping motors are controlled by a Compaq Deskpro 386/25 personal 

computer fitted with a PC-21 microprocessor-based indexer. Software was 

written to send motor commands to the indexer, which in turn forwards 

the motor commands to a Compumotor A106-205 driver, generating the 

appropriate voltage to move the motor shaft. 

A Data Translation DT2801-A analog and digital I/0 board was also 

used in conjunction with the Compaq computer for four purposes. First, 

the analog signal from the limb to be perturbed was digitized through the 

Data Translation (DT) board to determine the minimum displacement of 

each cycle of movement. Perturbations were delivered 25-50 ms beyond the 

closest minimum displacement, since pilot work showed that such pertur

bations had the most reproducible effect at this phase of the cycle. Any 

number of perturbations could be sent in a particular trial. Second, a 5 

volt signal was issued on a separate channel of the DT board in parallel 

with the motor command to record the time of each perturbation. Third, 

two seconds before the first metronome pulse, a signal was sent from the 

DT board to the Vaxlab to trigger the digitization process. Fourth, the 

DT board digitized analog signals from potentiometers mounted on the 

shaft of each motor. These readings determined if the motor returned to 

its preperturbation position. If the error exceeded one step of the motor, 
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that trial was discontinued, the motor position corrected and the trial re

peated. All six channels ((position + velocity) x two limbs + metronome 

+ perturbation signal) were digitized at 200 Hz in real time using a Mi

croVAX II Vaxlab system and the Interactive Laboratory System (ILS) 

signal processing software package. 

6.1.3 Procedures 

Subjects were comfortably seated in the MAC apparatus. The ipsilateral 

limb pair involving each subject's dominant hand was used throughout the 

experiment. Each subject participated in three experimental sessions on 

separate days. On the first day only, subjects performed five frequency 

scaling trials identical to the actual experimental trials, but without per

turbations, to determine whether they could stay in the D-mode for at least 

the first three frequency plateaus without switching to a different pattern. 

If they could not reach this criterion, then the experiment was discontinued. 

The body of the experiment consisted of three successive days of 24 

trials per day. On each day, three blocks of eight trials apiece were run. 

Each block entailed one of the three loading conditions: no load (N), leg 

load (L) or arm load (A), resulting in 24 trials per loading condition and a 

total of 72 trials in the experiment. Each trial contained seven ten-second 

frequency plateaus, with unequal step sizes between plateaus. Frequency 

steps began at 0.1 Hz and were increased to 0.15 and 0.2 Hz at successive 

frequency plateaus. The intent of small steps at low frequencies was to 

enhance subjects' ability to stay in the D-mode and derive a good measure 

of mean relative phase and relative phase fluctuations. Larger steps at 

higher frequencies was to insure cycling frequencies would be fast enough 

to accentuate inertial differences between the limbs. The actual frequencies 
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of each plateau were: 0.9 - 1.0- 1.15- 1.30- 1.50- 1.70- 1.90 Hz. 

Even with 72 trials, it was necessary that every trial contain pertur

bations, in order to insure enough perturbations at every frequency across 

all six conditions (3 loads x 2 limbs). To counteract the possible antici

patory effects that might arise, 'catch' plateaus were included in which no 

perturbation was delivered. A total of eight perturbations were delivered, 

randomized at each frequency, across the 12 trials of each condition. The 

number of perturbations within a trial ranged from three to seven. Pertur

bations were delivered either four or six seconds into each plateau, again to 

minimize anticipation effects. 

Subjects were given the same instructions as in Experiment 1, but in 

addition they were told that at random intervals throughout each trial, 

one of the limbs would be temporarily stopped by a brake. Their task 

was to ignore this interruption and return to the same pattern as before 

the perturbation, as quickly as possible. However, if they were unable to 

return to the preperturbation pattern, then any pattern which they found 

comfortable could also be assumed. It was stressed that one should not 

allow the unperturbed limb to stop cycling when the interruption occurred, 

but to keep moving as smoothly and continuously as possible. 

6.1.4 Analysis 

Relative phase, transition type and path-vvay distributions as well as 

kinematic variables were all measured in the same manner as Experiment 

1. Two additional vari3.bles were analyzed in the present experiment: 

1. Spontaneous vs. perturoation-induced transitions. Transitions which 

occurred due to a perturbation were compiled separately from 'spon-
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taneous' transitions. A transition was considered perturbation-induced 

if relative phase failed to return to the preperturbation pattern for 

a minimum of four half-cycles of movement after a perturbation and 

instead switched to another pattern of movement. Figure 18 shows 

a typical perturbation-induced transition. Spontaneous transitions 
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Figure 18: Time series of the right arm (solid line) and right leg (dotted 
line) with point estimate of relative phase above showing a perturbation
induced transition. 

were those that occurred without any perturbation. 

2. Relaxation time. The stability of a fixed point at a given frequency 

was determined by the relaxation time following a perturbation. Re-
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laxation time ( Trel) was measured from the offset of the perturbation 

to the time at which the system settled to a stationary relative phase 

value for at least four successive half-cycles of movement. This is 

equivalent to the measure of relaxation time defined in Scholz et al. 

(1987). Mean relaxation time at each frequency was determined in 

the same fashion as relative phase, by normalizing to the transition 

plateau within each trial. 

Perturbations were delivered to different limbs in order to 'push' the 

system in different directions along the dimension of relative phase. Per

turbations to the leg were intended to move the system along decreasing 

values of relative phase (i.e., down direction), while those to the arm moved 

the system along increasing values of relative phase (i.e., up direction). At 

frequencies below 1.5 Hz, the perturbation to either limb delayed the time 

of peak amplitude and moved relative phase in the desired direction, as seen 

in Figure 19a. However, at 1.5 Hz and above, the perturbation often did 

not delay peak amplitude, but had the effect of decreasing the size of peak 

amplitude. For example, in Figure 19b, the leg was beginning to extend 

as a perturbation was delivered at 1.5 Hz. Instead of continuing to extend 

past the offset of the perturbation, the extension ended at the offset of the 

perturbation and flexion began immediately. The result was that relative 

phase moved in the up direction, opposite to the intended effect. The re

deeming fact is that this was true for both limbs, so that an approximately 

equal number of up and down perturbations were observed throughout the 

experiment. 

Statistics. Statistical analysis of relative phase, transition pathways and 

kinematic variables were similar to those of Experiment 1. The only differ

ence was that frequency plateaus in which a perturbation occurred could 
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not be included in mean values of relative phase, cycle duration or angular 

displacement. Nonperturbed plateaus were normalized to the transition 

plateau as in Experiment 1. 

The frequency plateaus of individual relaxation time measurements were 

normalized to the transition plateau in the same manner as relative phase. 

Relaxation times were then collapsed across trial and subject to obtain 

mean values for each normalized plateau. Pre- and post-transition regimes 

were analyzed separately. A three-way Direction X Frequency x Load 

ANOVA compared relaxation time in the 'up' versus 'down' direction as a 

function of frequency and loading condition. 
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6.2 Results 

6.2.1 Transition Behavior 

Transition type. Spontaneous transitions from the D- to the S-mode 

were the most frequent behavior in every loading condition, as seen in Fig

ure 20. Loading the leg had two effects; the percentage of trials in which no 
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Figure 20: The percentage of observed transitions in each loading condition. 

transition occurred decreased, while the percentage of transitions from the 

D-mode to phase wandering increased. These effects distinguished the dis

tribution of transition percentages in the leg load condition from the other 

two conditions (leg load vs . no load: x2 (3) = 18.28, p< .001 and leg load 

vs. arm load: x2(3) = 17.69, p< .001 ). No differences emerged between 
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the no load and arm load distributions. In general, phase wandering was 

far less prevalent than in the first experiment, most probably due to the 

lower range of required frequency employed (i.e., 0.9 to 1.9 Hz). 

Spontaneous vs. perturbation-induced transitions. Differences m the 

percentage of spontaneous and perturbation-induced transitions were also 

found as a function of frequency. Figure 21 displays the percentage of spon

taneous versus perturbation-induced transitions at each frequency plateau. 

The majority of transitions from 1.0 to 1.3 Hz were perturbation-induced, 

while spontaneous transitions predominated above 1.3 Hz. Significant dif

ferences arose between the spontaneous and perturbation-induced transi-
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Figure 21: The percentage of spontaneous vs. perturbation transitions as 
a function of required frequency. 
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tion distributions (x2 (1)=54.18, p< .001). Transitions at 0.9 Hz were left 

out of the analysis because there were only three transitions (1 sponta

neous & 2 perturbation-induced) at this frequency. Thirteen transitions 

were observed at 1.0 Hz, while all other frequencies had a minimum of 30 

transitions. 

6.2.2 Relative Phase 

Pretransition mean relative phase. Figure 22a shows the pretransition 

relative phase collapsed across subjects when normalized to the transition 

frequency. Loading influenced relative phase in each condition. Weighting 

the arm raised relative phase above that of the unloaded case while weight

ing the leg lowered relative phase below that of the unloaded case. A Load 

X Frequerrcy ANOVA revealed that these differences were st::~.tistically sig

nificant F(10,586)=3.20, p< .005). Posthoc contrasts revealed differences 

between the no load and leg load conditions in plateaus -1 and- 4; the no 

load and arm load conditions in plateaus -1, -2 and -3; the leg load and 

ann load conditions in plateaus -1, -2, -3 and -4. 

Differences in pretransition relative phase behavior were also coded for 

the percentage of trials demonstrating drift in an upward versus downward 

direction as a function of loading condition. Figure 23 shows that the per

centage of drift in the upward direction was most prevalent with arm loading 

and least prevalent with leg loading. Downward drifting was most prevalent 

in the leg loading condition. Distributions of up versus down drifting were 

significantly different in all comparisons of loading condition (no load vs. 

leg load: x2 (1)=7.2.5, p< .008, no load vs. arm load: x2 (1)=5.85, p< .02 

and leg load vs. arm load:x2(1)=25.09, p< .001). 

Pretransition 1elative phase fluctuations. Pretransition standard devi-
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Figure 23: The percentage of trials in which pretransition relative phase 
drifted up versus down in each loading condition. The highest percentage 
of upward drifting was with arm loading while the lowest percentage of 
upward drifting was found with leg loading. 

ation of relative phase, shown in Figure 22b, grew steadily with required 

frequency in all loading conditions. A two-way Load x Frequency ANOVA 

revealed only a main effect for frequency (F(5,591)=9.31, p< .001), as no 

differences between loading conditions emerged. Posthoc tests revealed sig

nificant differences in relative phase variability with comparisons of plateaus 

-1 versus -3, -4, -5 and -6 as well as comparisons of plateaus -2 versus -5 

and -6. 

Post-transition mean relative phase. Post-transition relative phase, shown 
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in Figure 24a, was influenced by weighting similarly to pretransition rel

ative phase. Relative phase was highest when the arm was loaded and 

lowest when the leg was weighted. However, unlike the pretransition in

teraction effects found, statistical differences arose only as main effects for 

Load (F(2,149)=17.50, p< .001) and Frequency (F(2,149)=3.13, p< .05), 

with relative phase drifting downward as frequency increased, in each load

ing condition. Posthoc tests revealed differences in post-transition relative 

phase between the no load and leg load conditions as well as the arm load 

and leg load comparison. Differences in post-transition relative phase as a 

function of frequency were found only between plateaus 1 and 3. 

Post-transition relative phase fluctuations. Post-transition relative phase 

variability appears in Figure 24b. A main effect for frequency was found 

(F(2,143)=5.73, p< .005). Posthoc tests showed differences in post-transition 

relative phase variability between plateaus 1 versus 3 and 2 versus 3. In 

contrast to pretransition relative phase variability, post-transition relative 

phase variability decreased with increasing frequency, suggesting that post

transition relative phase states were becoming more stable with time. 

6.2.3 'lransition Pathways 

Up versus down pathways in each loading condition are presented in 

Figure 25a as a percentage of the combined total of spontaneous and per

turbation transitions. Even though up transitions decreased in the leg load 

case when compared to both the no load and arm load conditions, statis

tical differences emerged for only the arm versus leg loading comparison 

(x2 (1 )=5.02, p< .03). 

In Figures 25b and 25c, the percentage of up versus down pathways is 

separated into spo!ltaneous and perturbation-induced transitions, respec-
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Figure 24: Post-transition relative phase behavior collapsed across subjects 
in each loading condition as a function of normalized frequency plateaus. 
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tively. In each loading condition, the percentage of spontaneous transitions 

plus the percentage of perturbation-induced transitions equals the percent

age of all transitions. The spontaneous case (Figure 25b) is similar to the 

pattern of results seen in Experiment 1. Compared to the unloaded case, 

the percentage of up transitions decrease when the leg is loaded (as down 

transitions increase), while the percentage of up transitions increase when 

the arm is loaded (as down transitions decrease). Two of the three pair

wise comparisons were significantly different in the spontaneous case: no 

load versus leg load (x2 (1)=3.86, p< .05) and arm load versus leg load 

(x2 (1)=7.46, p< .006). Up versus down transitions due to a perturbation 

(Figure 25c) were not affected by load, as no statistical differences emerged 

between pathway distributions. Furthermore, pathway distributions did 

not show definitive effects for loading as a function of frequency, even when 

partitioned into the spontaneous or perturbation cases. 

The direction in which pretransition relative phase drifted was also 

linked to the direction of spontaneous transitions. 1 When pretransition 

relative phase drifted downward, 84% of the D- to S-mode transitions were 

observed in the down direction and 16% were observed in the up direction. 

However, the percentages of transition directions were much different when 

pretransition relative phase drifted upward. Upward drifting relative phase 

led to a far higher percentage of D- to S-mode transitions in the up direction 

( 42%) when compared t.o the downward drifting case, while down transi

tions were observed 58% of the time. A x2 analysis proved significant for 

1 Please note the distinction between drift upwerds and downwards versus transitions in 
the up and down direction. Drift upward (downward) refers to a slow increase (decrease) 
in relative phase from its initial value over a number of frequency plateaus. A transition 
in the up (down) direction refers to ar. abrupt increase (decrease) in relative phase from 
the D- to the S-mode over a few cycles of movement. 
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the distribution of transition paths between upward and downward drifting 

relative phase (x2 (1)=16.42, p< .001). No systematic differences emerged 

when these cases were broken up into different loading conditions. 

We also analyzed whether the direction in which relative phase was 

perturbed influenced the path of perturbation-induced transitions. Per

turbations in the down direction accounted for half of all perturbation

induced transitions (64 out of a total of 127). In 95% of the down pertur

bations which led to a transition, the path was also in the down direction. 

When perturbations were in the up direction, however, the transition path 

was most often in the up direction (62%), with the remaining 38% in the 

down direction. The influence of perturbation direction on transition path 

proved significant (x2 (1)=8.58, p< .001). Thus, the direction in which 

relative phase was perturbed had a definitive effect on the path of the 

transition. There were no systematic differences in perturbation-induced 

transition paths due to loading. 

6.2.4 Relaxation Time 

Results of a three-way Load x Perturbation Direction x Frequency 

ANOVA on pretransition Tr el demonstrated no three-way interaction, but 

a significant two-wa.y Direction x Frequency interaction (F(11,764)=2.31, 

p< .05). Figure 26 shows the pre- and post-transition mean relaxation times 

( Tr e/) as a function of perturbation direction and normalized frequency, col

lapsed across all subjects. Figure 26 shows that following perturbations in 

the down direction, Trt:l showed little increase as the transition frequency 

was approached. However, following up perturbations, Trel increased sig

nificantly across pretransition frequencies. Posthoc contrasts revealed a 

significant difference between up and down perturbation Tre/ in plateau -5. 
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Figure 26: Pre and post-transition relaxation time for up and down per
turbations collapsed across subjects and loading conditions as a function of 
normalized frequency plateaus. 

Post-transition, Trel also differed by perturbation direction, but only as 

a main effect (F(1,363)=6.28, p< .02). Relaxation times were longer when 

relative phase was perturbed in the up direction than in the down direction. 

6.2.5 Component Behavior 

Cycle Duration. Figure 27 shows the cycle duration means (solid lines) 

and standard deviation (dotted lines) collapsed across all subjects for each 

limb at each frequency plateau. The required frequency is also plotted 

as a comparison marker (i.e. , Metro). In general, subjects followed the 
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metronome very well, with small deviations occurring only at the highest 

frequencies. A Pearson product-moment correlation analysis between in-
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Figure 27: Arm and leg full cycle durations collapsed across loading condi
tions and subjects as a function of required frequency. 

dividual limb frequencies and the metronome frequency, collapsed across 

loading conditions, supported this finding. Correlations were 0.99 for both 

limbs. 

A two-way Limb x Frequency ANOVA revealed only a main effect for 

frequency on mean cycle duration (F(6,1621)=17936.64, p< .001 ). Posthoc 

tests revealed significant differences for all frequency plateau pairwise com

parisons of cycle duration. Cycle duration variability showed main effects 

for both Limb (F(1 ,1626)=53.94, p< .001 ) and Frequency (F(6,1621)=115.98, 
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p< .001 ). Posthoc tests revealed differences in cycle duration variability 

with all frequency plateau comparisons except between plateaus 2 versus 3 

and plateaus 6 versus 7. 

Angular Displacement. Figure 28a-b display the mean angular displace

ment (solid lines) and standard deviation (dotted lines) for the arm and 

leg, respectively. Both limbs displayed significant main effects for both 

Load (arm: F(2,811)=32.34, p< .001, leg: F(2,811)=22.82, p< .001) and 

Frequency (arm: F(6,807)=81.71, p< .001), leg:F(6,807)=120.6, p< .001). 

Across all loading conditions, mean displacement decreased with increasing 

frequency. Furthermore, smaller displacement was observed in each limb 

when loaded than when unloaded. Posthoc comparisons showed significant 

differences in arm displacement for all loading conditions, but differences 

in leg displacement only with leg load versus arm load and leg load versus 

no load. This is exactly the same pattern of results as in Experiment 1. 

Pairwise comparisons of displacement in terms of frequency revealed dif. 

ferences in almost every case except in the first two frequency plateaus for 

both limbs (i.e., no differences were found between plateaus 1 and 2 and 

between plateaus 2 and 3 for both limbs). 

Angular displacement variability showed only main effects for frequency 

with both limbs (arm: F(6,807)=6.41, p< .03 and leg: F(6,807)=5.60, 

p< .001 ). Posthoc tests revealed differences in displacement variability 

in a number of comparisons, but Figure 28a-b shows that these effects are 

not meaningful, as displacement variability remained relatively small across 

frequency. 
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6.3 Discussion 

The second experiment used a perturbation paradigm to explore two as

pects of the coordinative dynamics of components with different biophysical 

properties. First, perturbations which caused a transition from the D- to 

S-mode enabled a measure of the influence of inertial load on the asymme

try of the relative phase dynamics in terms of the percentage of transitions 

observed in either the up or down pathway. Second, perturbations which 

did not induce a transition allowed a measure of relaxation time and there

fore, an estimate of the stability of the coordinative state at different values 

of the control parameter, cycling frequency. Required frequency was also 

rescaled with smaller steps at low frequencies so that the D-mode could be 

maintained over a larger number of frequency plateaus and enable a better 

resolution of the influence of inertial load on D- mode relative phase. We 

will discuss each aspect separately. 

Drifting fixed points. The predicted effects on pretransition relative 

phase due to the manipulation of inertial load were clearly seen in the 

results of Experiment 2. When the arm and leg were free of additional 

weight, the mean value of relative phase in the D-mode remained slightly 

below 180°. Relative phase systematically increased and decreased in value 

when weight was added to the arm or leg: respectively. Similar effects 

were observed around the fixed point at ¢> = 0, after a transition from the 

D- to the S-mode. Thes~ results support our interpretation of the mixed 

results of pretransition relative phase in Experiment 1, namely, that the 

D-mode did not remain stable across enough frequencies to resolve the 

effects of loading on relative phase. With smaller steps at low frequencies, 

however, the D-mode remained stable over more frequency plateaus than 
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Experiment 1. This allowed a better estimate of mean relative phase as 

it changed with inertial load as well as an increase in required frequency. 

Thus, a simple methodological change helped to establish the influence of 

load on the symmetry of the dynamics with both pre- and post- transition 

relative phase. 

Transition pathways. The transition pathway results of Experiment 1 

were similar in Experiment 2. The percentage of down transitions was al

ways greater than up transitions in every loading condition, reflecting the 

intrinsic bias in the system to drift and switch in the down direction from 

the D- to the S-mode. Adding weight to the arm or leg, minimized or en

hanced this bias, respectively. However, the influence of loading was only 

observed with spontaneous transitions, while perturbation-induced transi

tions maintained the same down direction bias in every loading condition. 

The preference for down perturbation-induced transition paths was found 

even when the direction of the perturbation was taken into account. Per

turbations in the down direction led most often to transitions in the down 

direction while up perturbations favored the up transition pathway. How

ever, the intrinsic asymmetry of the coupling function was evident in the 

latter result, as there were far more down transitions stemming from up per

turbations than up transitions stemming from down perturbations. Thus, 

even when the system is pushed in a particular direction of relative phase, 

asymmetric effects are present, although these effects were not influenced 

by changing the inertial load. 

One result which allows us to interpret the lack of influence of load

ing on perturbation-induced transitions is Figure 21, which shows that 

perturbation-induced transitions were much more evident at lower frequen

cies than spontaneous transitions. Low frequency perturbation-induced 
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transitions suggests that the perturbations were large enough to 'kick' the 

system out of the basin of attraction surrounding <P ~ 1r in either direction 

before parameter scaling led to a substantial deformation of the coupling 

function. Efforts were made to keep the perturbations srr1all by scaling 

the duration of the perturbation to the required cycle period, however, 

the results suggest that the perturbations were still quite large, making it 

difficult to discriminate the effects of loading. Thus, the perturbation- in

duced transition results are consistent with the asymmetric model, but offer 

little concerning the effects of loading the limbs. Despite the perturbation

induced transition results, the same trend of transition pathway results was 

observed in the spontaneous case in two separate experiments with differ

ent subjects. The latter is strong evidence that asymmetric coordinative 

dynamics can be measured. In the present case, inertial differences are a 

substantive sourc::e of this asymmetry. 

Relaxation time. Relaxation time was measured to determine if the 

coordinative transition bebveen an arm and a leg from the D- to the S

mode corresponds to a nonequilibrium phase transition (Scholz, Kelso & 

Schaner, 1987; Scholz & Kelso, 1990). The results showed that as the 

control parameter (i.e., movement frequency) was increased, an increase in 

pretran~ition r,·el was a.lso observed. Coupled with the decrease in post

transition Tr el to levels found only at early pretransition frequencies, loss of 

stability was suggested as the mechanism for pattern change between the 

D- and S-m.ode. Even though the present. experiment was not designed to 

directly compare the D- and S- modes at very low frequencies, the results 

are consistent with the prediction of the theoretical model (Kelso et al., 

1990), suggesting that the observed transition may be interpreted as a 

nonequilibrium phase transition. 
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Relaxation time has also provided a measure of the asymmetry in the 

dynamics of relative phase in the arm-leg system. When perturbations were 

separated into those which 'pushed' relative phase in the up versus down 

direction, a significant difference in relaxation time was found between the 

two conditions. While Trel remained relatively constant across pretransition 

frequencies with down perturbations (see Figure 21), up perturbation Tr el 

increased linearly as the transition frequency was approached. 

The relaxation time results may be interpreted from the same perspec

tive as the transition pathway results. The asymmetric form of the Haken 

et al. (1985) model (Figure 2a) shows that the slope of the coupling func

tion on either side of the fixed point ~ 1r is steeper in the up direction than 

the down direction. This asymmetry of the slope suggests that there is a 

fast (up) and slow (down) direction along which the system may return 

to the fixed point after a perturbation. The difference in relaxation time 

between the up and down direction supports this prediction. 

Theoretically, there is a question whether relaxation time can serve 

as a measure of the stability of the fixed point as well as a measure of 

the asymmetry of the coupling function surrounding that fixed point. By 

definition , relaxation time is the time constant of the exponential decay 

back to a stationary solution following a small perturbation (Schaner et al., 

1986). Note that the definition is based upon small perturbations, which are 

necessary for measurements within the linear range of the attractor. The 

problem with using relaxation time to define the asymmetry of the coupling 

function is that one is no longer within this linear range if differences in 

slope are being detected. 

There is certainly evidence that we were measuring some form of sta

bility in Experiment 2. For example, the increase in "relaxation time" 
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corresponded to an increase in relative phase fluctuations, as well as tran

sitions from the D- to S-mode. However, three pieces of evidence argue 

that our measurements are not within the linear range of the at tractor. 

First, perturbations caused transitions at low frequencies, where sponta

neous transitions were not usual. Thus, even though the coupling function 

had not deformed significantly, perturbations were still large enough to 

push the system into the S-mode basin of attraction. Second, our measure 

of stability showed a distinction between the up and down directions, which 

as mentioned above, argues against perturbations within the linear range 

of the fixed point. Thirdly, the average size of perturbations in either di

rection was 38.57°(SD = 18.64°), which cannot be considered within the 

linear range. 

So if perturbations were too large for a precise measure of relaxation 

time, then what was being measured? It may be more appropriate to call 

our measure return time, which is the average amount of time it takes to 

get back within E degrees of the stationary state following the perturbation, 

where E is some small amount. Return time is a type of mean first passage 

time which approximates :relaxation time if the size of the perturbation 

is kept constant at different values of the control parameter. Consistent 

with this definition, the size of the perturbation did not change meaning

fully across frequency plateaus, with average values in each plateau ranging 

from 32 - 4 7°. By meaningful here, we mean that even though there were 

statistical differences in perturbation size across frequency, all values are 

considered out of the linear range of the attractor and statistical differences 

would not be measurable. 

We conclude that in the present case, there is evidence that perturba

tions were larger than the linear range allows and we may not be dealing 
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with an exact measure of local relaxation time as motivated by model con

siderations. Our attempts to determine the stability of the attractor were 

through an average amount of time it takes to return to the fixed point 

from some arbitrary distance, which still indicated evidence of loss of sta

bility of the attractor. With large limbs that are difficult to perturb and 

a noisy system, it may be difficult to do any better empirically. Large 

perturbations would also explain, as they did with perturbation-induced 

transitions, why we found no effects of loading on return time. Through

out the present experiments, loading effects proved to be measurable but 

small. It is therefore, not surprising that effects due to weighting the limbs 

were not discriminable with large perturbations that led to a rather gross 

measure of stability and the asymmetry of the coupling dynamics. 
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7 General Discussion 

7.1 Summary: Theoretical approach 

The present experiments were the culmination of a body of work which 

explored the coordinative dynamics of rhythmically moving human arms 

and legs through the theoretical concepts of dynamic pattern theory (Kelso 

& Schaner, 1987; Schaner & Kelso, 1988). The general approach ofthis the

oretical framework is to treat individual components as oscillators which 

are coupled nonlinearly. Behavioral patterns are characterized through col

lective variables which differentiate patterns through qualitative change of 

the collective variable. The temporal evolution of the patterns may then be 

understood through the dynamics of the collective variable. A key concept 

of the dynamical approach is that of temporal stability. Coordinative pat

terns are sustained in the face of a fluctuating environment or in response 

to perturbations. At certain critical points, however, the stability of the 

pattern is lost and a switch to another pattern is observed, corresponding 

to a nonequilibrium phase transition (Haken, 1983) or bifurcation. Opera

tionally defined measures of stability such as enhancement of fluctuations 

and relaxation time allow theoretical predictions to be tested empirically. 

A new aspect of coordinative patterns was explored with the MAC 

experiments, namely, symmetry of the dynamics. The main theoretical 

question was whether observables would distinguish the coordinative dy

namics of components with different biophysical properties from that in 

which the component properties were approximately the same. The orig

inal symmetric model (Haken et al., 1985; Schaner et al., 1986) used to 

characterize the bimanual system (Kelso, 1984; Kelso, Scholz & Schaner, 

1986) was compared to a similar model (Kelso et al., 1990) which added a 
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frequency detuning term (i.e., n) to account for uncoupled frequency dif

ferences between the components. The symmetric and asymmetric forms 

of the two-component model were then analyzed for differences that may 

be observed empirically. The features which distinguished symmetric from 

asymmetric dynamics were: 

1. In the asymmetric case, stable fixed points are predicted to slowly 

drift away from their initial value as control parameters change. Sym

metric dynamics should display no such drift in relative phase. 

2. State transitions should predominantly occur in the same direction as 

the pretransition drift of the stable fixed point, due to an asymmet

ric deformation in the basin of attraction surrounding the attractor. 

Transitions are equiprobable in either direction with symmetric dy-

nam1cs. 

3. Both stationary and nonstationary states are predicted to occur only 

with asymmetric dynamics while symmetric dynamics contain at least 

one stationary solution throughout all parameter values. 

The following summarizes the main conclusions from the results of all the 

MAC experiments to date. 

7.2 Summary: Experimental Results 

Essentially three main conclusions have emerged from the MAC experi

ments with a number of results overlapping from four different experiments. 

In order to refer to the results of different experiments, we will number them 

as follows. Experiments 1 and 2 were discussed earlier in Section 4 (Kelso & 

J eka, in press). Experiment 1 studied all combinations of two-limb patterns 
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at subjects' preferred frequency. Experiment 2 studied all combinations of 

two-limb patterns while required frequency was systematically increased 

by an auditory metronome. Experiment 3 is the first of the present thesis 

experiments in which the arm and leg were inertially loaded to explore the 

symmetry of arm-leg coordinative dynamics. Experiment 4 is the second 

of the present thesis experiments in which loading as well as perturbations 

were used to explore coordinative asymmetries. 

Conclusion 1: A D- to S-mode transition observed with nonho

mologous limbs may be interpreted as a nonequilibrium phase 

transition. 

Experiment 2 was the first opportunity to measure the stability of the 

D- mode before switching to the S-mode occurred with nonhomologous 

limb pairs. However, the variability of relative phase proved inconclusive 

because D- to S-mode transitions often occurred within the first two fre

quency plateaus, leaving little room to measure the predicted growth of 

fluctuations over a number of frequency plateaus. The experimental design 

was changed in Experiments 3 and 4 to focus upon a single limb pair, which 

decreased the number of trials from Experiment 2. Fewer trials allowed sin

gle trial durations to be longer without increasing the total length of the 

experiment. Thus, required frequency was scaled to a lower initial value ( ~ 

1 Hz), with smaller step sizes and longer plateau durations to allow better 

resolution of relative phase variability. The result was that, as predicted, 

enhancement of fluctuations were found in every experimental condition, 

suggesting that loss of stability was the primary mechanism for pattern 

change from the D- to the S-mode. 

The second piece of evidence that the D- to S-mode transition can be 
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considered a nonequilibrium phase transition stems from the relaxation 

time results of Experiment 4. Along with the increase in relative phase 

variability, relaxation time showed a systematic increase up to the transition 

from the D- to S-mode. As discussed earlier, there is some question about 

what type of stability measure was actually measured in Experiment 4 (i.e., 

relaxation time vs. return time), but in either case, the results suggest that 

the D-mode lost stability before spontaneous switching to the S-mode was 

observed. Clearly, a D- to S-mode transition between nonhomologous limbs 

may be interpreted as a nonequilibrium phase transition. 

Conclusion 2: Symmetry is a useful concept to characterize the 

difference between homologous and nonhomologous limbs. 

A major question throughout the MAC experiments was whether there 

were differences in the coordinati ve dynamics of different limb pairs that 

were accountable theoretically and empirically, considering the obvious 

anatomical differences between nonhomologous limb pairs that were not 

present with homologous limbs. In Experiment 1, we observed the first 

hint that homologous and nonhomologous relative phase dynamics were 

not equivalent, since relative phase variability in the D-mode was generally 

higher with nonhomologous than with homologous limb pairs. There was 

still the question of how to characterize this difference theoretically. Sym

metry emerged as a conceptual tool when we considered an asymmetric 

form of the original Haken et al. (1985) model that had previously charac

terized the coordinative patterns between a rhythmically moving single limb 

and a metronome (Kelso et al., 1990). The asymmetric model introduced a 

frequency detuning term (i.e., n) which accounted for the difference in the 

uncoupled frequencies of the two components. When this term was =J 0, 
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then the coupling dynamics were no longer symmetric and led to the pre

dictions reviewed above, which distinguished symmetric from asymmetric 

dynamics. 

Results from Experiment 2 provided evidence that these distinctions 

were useful in characterizing coordinative differences between homologous 

and nonhomologous limb pairs. D- to S-mode transitions were found only 

with nonhomologous limbs, while homologous limbs generally performed 

both coordinative modes equally well. Consequently, drifting relative phase 

and a preferred transition path were found only between nonhomologous 

limbs, while phase-wandering was far more prevalent with nonhomologous 

than homologous limbs. These results motivated Experiments 3 and 4, 

which focused upon identifying the source of the asymmetry between a sin

gle ipsilateral arm-leg pair and manipulating the strength of the asymmetry 

in their coordinative dynamics. 

Conclusion 3: Biophysical differences between components were 

shown to be a significant source of the asymmetry in the coordi

native dynamics. 

Results from Experiment 2 indicated that asymmetries were present in 

the coordinative dynamics of nonhomologous limbs, however, the source 

of the asymmetry was still not clear. Experiments 3 and 4 were designed 

to probe the asymmetry directly by manipulating an obvious difference 

between an arm and a leg, namely, inertial mass. Adding weight to the 

arm or the leg was intended to minimize or enhance the asymmetry of 

their coordinative dynamics, respectively. The results clearly supported 

that inertial mass was a significant source of the coordinative asymmetry. 

Loading the leg increased the percentage of transitions observed in the down 
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direction while loading the arm increased the percentage of up transitions, 

when compared to the no load case. Moreover, the occurrence of phase 

wandering was most frequent when the leg was loaded in Experiments 3 

and 4, consistent with model predictions that enhanced asymmetry should 

increase the probability of nonstationary behavior. Loading the arm, as 

predicted, decreased the onset of phase wandering. Finally, drifting relative 

phase was systematically influenced by load in Experiment 4. Loading the 

leg increased the amount of downward drift in pretransition relative phase 

while loading the arm led to upward drift, when compared to the unloaded 

condition. All three results are consistent with theoretical predictions of 

the asymmetric model of two-component dynamics (Kelso et al., 1990). 

7.3 Alternative approaches & applications 

7.3.1 Inertial loading and symmetry 

Inertial loading techniques have been used extensively in the motor 

behavior literature. The motivation for many previous experiments were 

somewhat similar to our own, to apply a transient or continuous external 

force and study how a system retains a fundamental, characteristic pattern 

under varying boundary conditions. The influence of inertial load on com

ponent properties has most frequently investigated parallel changes in: a) 

the underlying neuromuscular forces (Houk, 1978; Simmons & Richardson, 

1988; Stein, 1982); b) kinematic properties of limb movements (Carlson, 

1963; Lestienne, 1979; Sherwood et al., 1988; Singer & Day, 1965; Wylie & 

Tyner, 1989); and c) the locomotory step cycle (Bonnard & Pailhous, 1991; 

Shik & Orlovskii, 1976), to name just. a few. However, less frequent are in

vestigations of the influence of inertial loading on coordinative properties 
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between components. 

One of the most noted examples is the work of von Holst (1939 /73) who 

conducted studies with spinal fish whose fins oscillated autonomously for 

hours in this preparation. From extensive observations of the oscillatory 

rhythms of various fin combinations, von Holst categorized two forms of 

coordination. Absolute coordination was that of absolute synchrony, in 

which two components are phase- and frequency- locked. During relative 

coordination, however, only tendencies to coordinate in an absolute mode 

are observed. The latter occurred when fins with differing characteristic 

frequencies, both of which preferred to oscillate at their preferred frequency, 

were coupled together. The result was periods of desynchronization and 

phase wandering as each oscillator attempted to pull the other towards its 

own frequency. Von Holst appreciated the cooperative-competitive flavor 

of coordination in a way that anticipated the recent formulation of how 

dynamic principles may apply to pattern formation in biology. 

Turvey and colleagues (Kugler & Turvey, 1987; Rosenblum & Turvey, 

1988; Bingham, Schmidt, Turvey & Rosenblum, 1991) have borrowed von 

Hoists ' formulation of absolute coordination and placed it into a context 

that is relevant to the present studies. Their experimental system con

sisted of two oscillating hand-held pendula whose frequency of comfortable 

oscillatiorr was varied by changing the pendulum's dimensions. Subjects 

held a pendulum in each hand and oscillated it by rhythmic motions of the 

hand in either a 180° or 0° relative phase state. The characteristic periods 

of the pendula at different ratios of mass and length were studied. Even 

with ratios of characteristic frequencies ranging from 0.5 to 2.6, subjects 

achieved 1:1 coordination in all cases. However, the pendulum of higher 

characteristic frequency reached the pecvk of its cycle ahead of the one of 
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lower characteristic frequency and relative phase deviation from 180° was 

linearly related to the difference in their characteristic periods. The in

tended phase relation of 180° was observed only when their characteristic 

periods were identical. 

A major methodological difference between the present arm-leg studies 

and the pendulum studies was that movement frequency was not manip

ulated as a control parameter in the latter. Subjects were instructed to 

swing the pendula at a comfortable frequency and thus, transitions were 

never observed. However, the deviation from intended relative phase was 

clearly consistent with the symmetric and asymmetric forms of the Haken 

et al. (1985) model and corresponded to the drifting fixed point behavior 

observed as we changed the inertial properties of the arm or leg. The in

terpretation of the deviation from intended relative phase in the pendulum 

studies was that an individual unit never loses its intrinsic dynamics, but 

merely compromises it in the coordinative state (Turvey, 1990; von Holst, 

1939/73). Within the present formulation, the idea of a compromised coor

dinative state is conceptualized as asymmetric dynamics. It would be inter

esting to see if the other observables of asymmetric coordination emerged 

in the pendulum system. 

7 .3.2 Four-component dynamics 

An important application of symmetry constraints is the case of four

component coordinative dynamics (Schaner et al., 1990; Jeka et al., 1991). 

With two-limbs, there is no question about where the system can travel 

after the anti-phase pattern loses stability, since only one other station

ary solution is available. However, with four limbs, many patterns remain 

stable after one becomes unstable. Thus, stability alone is not enough to 
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determine the post-transition state. However, once symmetry constraints 

are imposed and the relative coupling st:rengths between various limb pairs 

are known, the multi-stable state space of four-limb dynamics becomes well

structured. Post-transition four-limb states were predictable from knowl

edge of both the stability of the states and the preferred pathways between 

those states (Jeka et al., 1991). 

Classification schemes in terms of symmetry have been used before in 

the biological literature, particularly with regard to quadruped locomotion 

(Hildebrand, 1965; 1976; Sukhanov, 1974). However, the distinction be

tween symmetric and asymmetric gaits served merely as descriptive labels 

in these accounts and their definition was not rigorous. More closely related 

to our conception of symmetry is the categorization by von Holst (1939/73), 

of coordination into two forms; absolute and relative. Thus, our arm-leg 

studies have been motivated by von Holst's deep understanding of biologi

cal coordination and formalized with the concept of symmetry, which only 

recently, has been recognized for its usefulness in understanding pattern 

formation in biology (Haken et al., 1985; Kelso & Jeka, in press; Schoner, 

Jiang & Kelso, 1990; Stewart, 1991 ). 

7.4 Open Issues 

7.4.1 Hmnologous vs. nonhomologous limb coupling 

It is tempting to interpret the differences in relative phase behavior be

tween homologous and. nonhomologous limbs not only in terms of symmetry, 

but as an indication of differences in the coupling between the components 

of a limb pair. Intuitively, one may suppose that because homologous limbs 

were able to remain in the D- or S-mode over a much greater range of pa-
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rameter space and displayed far less relative phase variability and phase 

wandering than nonhomologous limbs, that homologous limbs are more 

tightly coupled than nonhomologous limbs. Furthermore, phase wandering 

may occur for two different reasons; 1) the difference in the individual com

ponent frequencies becomes large enough so that all stationary solutions 

cease to exist; or 2) the coupling between the two components becomes so 

weak that they are no longer constrained to a synchronous relationship. 

However, it is not clear that there is any direct relationship between sym

metry and coupling strength. 

The only relationship that can be expressed between symmetry and 

coupling strength is that the two may interact in interpretable ways. For 

example, two components may have a strong asymmetry, but also very 

strong coupling. Despite the asymmetry, a stationary state may prevail 

due to their strong coupling. Even more likely would be a state indicative 

of relative coordination (von Holst, 1939/73), in which components do not 

maintain a synchronized relationship, but alternate phase wandering with 

brief periods of stationary behavior on every cycle. However, if that cou

pling was reduced, then more tha.n likely, phase wandering would prevail. 

The point is that even though symmetry and coupling are not directly 

related, their interaction can produce such a diversity of behavior, that it 

may be difficult to attribute a particular phenomenon to one or the other. 

Figure 29 presents this idea in the form of a two parameter bifurcation 

diagram of the asymmetric model (Haken et al., 1985; Kelso et al., 1990). 

The parameters a and b are represented on the x-axis and fljb is found 

on the y-axis. Different states of the system appear as areas of of bistabil

ity, monostability and phase wandering. Note that from the bistable area 

surrounding the origin, which is equivalent to the arm-leg system at low 
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Figure 29: A two parameter bifurcation diagram for the Haken et al. (1985) 
model with a frequency detuning term (D).(From Jeka et al. (1991)). 

frequencies, the path to a monostable in-phase area can occur in a number 

of ways. For example, Djb could remain constant while the a/b parameters 

increase, which would mean that the state changes are due to loss of sta

bility of the D-mode. On the contrary, if a/b remained constant while Djb 

increased, then a state change would be attributable to the growth of the 

asymmetry. Most likely, there is an interaction between the two scenarios, 

however, specific experiments would need to be designed to discern the ac

tual path of the system through state space. In the present experiments, 

had we not been able tc identify other observables such as drifting rela

tive phase and preferred transition paths, characterizing the results with 
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asymmetric dynamics would be less than convincing. The question remains 

whether anything can be said of the coupling strength of homologous ver

sus nonhomologous limb pairs. The answer is not clear until a relaxation 

time (return time) experiment is designed to explicitly test the coupling 

strengths of homologous versus nonhomologous limbs. 

7 .4.2 Sources of Asymmetry 

Perceptual asymmetries . A primary concern of the present experiments 

was that inertial load was only one possible source of dynamical asymmetry. 

Inertial loading of the limbs was merely the most obvious first attempt to 

change the symmetry constraints upon the system. One can imagine that 

many other asymmetries exist that may not be strictly related to a me

chanical linkage between components. For instance: the experiments which 

originally motivated the asymmetric model (Kelso et al., 1990), studied the 

coordinative patterns between a rhythmically moving finger and a periodic 

auditory stimulus. The results demonstrated spontaneous transitions from 

finger flexion movements off-the-beat to on-the-beat of the metronome but 

not vice versa. However, one subject (LS) adopted a strategy in finger flex

ion off-the-beat trials of producing finger extension on-the-beat, both of 

which achieve an in-phase relationship, but more importantly, highlight a 

functional difference between the finger and the metronome. Consequently, 

the dynamics of these results were modeled in an asymmetric fashion. Con

sidering that the same model wa-S used for the present arm-leg studies, one 

would predict asymmetric phenomena such as preferred transition paths, 

drifting fixed points, etc. to be observed in the finger-metronome system 

as well. 

Other results hint that perception-action dynamics may be governed by 
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a perceptual asymmetry which is attuned to the salience of the metronome 

signal in terms of the perception of one's own finger movements. Recent 

experiments that used a similar paradigm to the finger-metronome stud

ies, but with arm movements and a visual metronome, found that differ

ent forms of visual information led to coordinative behaviors ranging from 

phase- and frequency-locking to completely uncoupled behavior (Wimmers, 

Beek & van Wieringen, 1991 ). Thus, not all environmental information is 

compatible with rhythmical movements of the hand, that is, information is 

meaningful only if it forms part of the behavioral dynamics (Kelso et al., 

1990). Once a pattern is formed, then properties of the dynamics (e.g., 

symmetry, stability) etc.) c<:m be examined to understand the nature of 

the coupling. For instance, the Wimmers et al. (1991) experiments also 

demonstrated growth of fluctuations and relaxation time in the relationship 

between limb movements and the perceptual signal, as a control parameter 

was scaled. If, as these results suggest, the coordinative dynamics of such 

a system is governed by the same principles that have been established in 

the present arm-leg studies, ther~ it seems entirely feasible that the source 

of an informational asymmetry could be identified. 

Neural asymmetries. Rosenblum & Turvey (1988) discussed two pos

sible explanations for the source of the observed deviations from intended 

relative phase in their pendulum studies. One hypothesis posited that left 

and right limb movements were a reflection of the neural phase relationships 

which activate the appropriate musculature. Neural states would therefore 

be tuned to differences in the characteristic periods of the rhythmic limb 

units. A second hypothesis assumed that neural processes can maintain 

only two stable phase relations in absolute coordinatior1 at 0° or 180°. The 

deviation from the neural phase states at the level of the limbs may be 
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due to the difference in the response latencies of loaded muscles to neural 

activation. The authors, however, had no EMG or neural activation data 

to determine the validity of each hypothesis. 

Evidence from studies of rhythmic swimmeret movements in crayfish 

(Stein, 1974) argue against the second hypothesis. After cutting the cray

fish's entire contralateral connective and the lateral portion of the ipsilateral 

connective between two segmental ganglia, constant frequency stimulation 

was applied anterior to the cut, resulting in rhythmic motor neuron dis

charge to the anteriad swimmeret. A brief burst of stimulation was then 

applied posterior to the cut which elicited a single burst of motor neuron 

discharge to the posteriad swimmeret as well as a coactive burst in the 

coordinating neuron which is common to both the posteriad and anteriad 

swimmerets. The coordinating neuron burst modulated the phase of the 

anteriad burst in a linear fashion. A coordinating neuron burst arriving late 

in the cycle of the anteriad segment. t·esulted in a period shorter than its 

characteristic period, while a coordinating neuron burst arriving early in the 

cycle resulted in a longer than characteristic period. Such results provide 

evidence that deviations from in-phase and anti-phase states are possible at 

the neural level and suggest that the deviations from the intended relative 

phase of limb movements may be a reflection of neural dynamics. 

The evidence from the crayfish studies, however, shows only that neural 

asymmetries are a possible source of limb movement asymmetries, not the 

only source. There is also evidence that loaded versus unloaded muscles 

demonstrate differences in response latencies to neural activation. Partridge 

(1966) studied the effect of load and stimulus frequency on the response la

tency of a cat triceps surae muscle-nerve preparation. Sinusoidally modu

lated pulse rates were used to trigger a supermaximal stimulus to the nerve 
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which produced roughly sinusoidally varying output tension and position 

change in the load attached to the muscle. At low stimulus frequencies and 

at all loads, the response lagged slightly behind the stimulus cycle. The lag 

increased at higher stimulus frequencies and at larger inertial loads. 

In the context of the coordinative movements of an arm and a leg, the 

results of Partridge's (1966) study suggest that relative phase deviations 

from 180° in the D-rnode may be due to the differential response latencies of 

an arm and a leg to a neural stimulus. When the leg was loaded, deviations 

from 180° were larger than when the arm was loaded, which is consistent 

if loading the leg increases the differences between arm and leg muscle 

response latencies while loading the arm results in a muscle response latency 

closer to that of the leg. However, a revealing feature is the relationship 

of each limb to the metronome. If loading the limbs was actually changing 

their muscle response latencies to neural activation, then one would expect 

differences in relative phase between a single limb and the metronome in 

different loading conditions. For example, a larger deviation from the value 

of relative phase in the unloaded case would be expected when weight was 

added to the arm. However, no such differences were observed in any of the 

subjects. Muscle response latencies do not seem to be a strong candidate 

as a source of coordinative asymmetry in the present experiments. 

One other possible source of coordinative asymmetry may be the re

sponse of the limbs under different loading conditions to the muscles them

selves. The lag of actual limb position to EMG activity may change under 

different loads. In a rhythmical task similar to the present experiments, 

Baldissera et al. (1991) measured limb movements and the underlying 

EMG relationships. Inertial and elastic load were manipulated while sub

jects performed rhythmical flexion-extensions of ipsilateral hand and foot 
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both in-phase (hand and foot move up and down together) and anti-phase 

(hand moves up as the foot moves down and vice versa). Relative phase 

was found to deviate up to 45° from the intended pattern under inertial 

loading of the hand. The limb position deviations from intended relative 

phase were matched by compensatory changes in the activation of forearm 

EMG. Thus, neuromuscular events are synchronized with limb movement 

patterns even when the characteristic frequencies of individual limbs are 

changed through loading. 

The evidence, although indirect, suggests that the source of the coor

dinative asymmetries we are observing at the level of the limbs are most 

likely based upon activation patterns at the neuronal level. Without a direct 

measurement of both, however, a conclusive statement of the relationship 

between neuronal and limb movement patterns is not possible. Linking 

different levels of behavior is a challenge that has only recently begun to be 

addressed under the framework of pattern dynamics (Haken et al., 1985; 

Kay et al., 1987; Kay, Saltzman & Kelso, 1991; Bingham et al., 1991). 

7.5 Conclusion 

Symmetry in human movement. The asymmetric framework proved 

important. important for two reasons. First, it adds further credence to 

the concept of stability (i.e., loss of) as a generic mechanism which propa

gates change in coordirrated behavio:c. Much of the work in motor control 

promotes the search for invariant relationships across changing boundary 

conditions as evidence for a prescribed set of motor commands or programs 

(Schmidt, 1982) which organize coordinated behavior. However, arguments 

for control based upon invariant relationships have never been able to ade

quately define the criteria for invariance or provide a theoretical justification 
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for change in an invariant relationship (Tuller & Kelso, 1990). A concep

tual leap occurred when movement patterns were characterized in terms of 

states which could lose stability (e.g., Schaner & Kelso, 1988) and switch 

to a more stable state. Our results further the argument that invariance 

is not the relevant focus. The state of the system can change abruptly or 

drift slowly, with very different implications, depending upon the symmetry 

constraints. The key is to measure the system's stability, through fluctua

tion and relaxation time measures, to fully understand the meaning of the 

observed change. 

Second, placing the manipulation of inertial loading into a symmetry

breaking or -restoring context allows one to relate the present results to 

any coordinative situation in which either: a) the intrinsic frequencies of 

the components differ (e.g., speech articulators); or b) distinct functional 

demands are put upon components with identical characteristic frequencies 

(e.g., playing a piano). Therefore, one important consequence of character

izing the asymmetric case is that the form of its dynamics may be applicable 

to many more situations than the symmetric case. Beyond the intuition 

that the situation in which similar components are under similar functional 

demands is relatively rare, it is arguable that many more behavioral pos

sibilities exist with asymmetric dynamics. While steady state solutions 

prevail in the symmetric situation, at certain values of the control param

eter, stationary solutions no longer predominate in the asymmetric case. 

Instead, phase wandering is observed, with the possibility of brief periods 

of fixed point or limit cycle attraction (Kelso & deGuzman, 1988; deGuz

man & Kelso, 1991 ). From the standpoint that all symmetric solutions are 

embedded in the asymmetric case, but not vice versa, the latter is viewed 

as the more general form of the dynamics. 
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Symmetry in nature. References to symmetry in biology are commonly 

expressed in terms of the spatial structure of plants and animals (Weyl, 

1952). Typically what appears in textbooks are perfectly symmetrical 

forms. However, there is a growing body of evidence, that nature is driven 

not towards a perfectly symmetrical state, but that preferred handedness is 

a common trait among living things. Seashells and plants wind rightward 

in some species, leftward in others, while all humans are predominantly 

right-handed, independent of race or culture. Furthermore, such chiral

ity is observed at almost every level imaginable, from the right-handed 

DNA helix to mirror-image molecules known as enantiomers. Interestingly, 

human senses prove highly sensitive to compounds containing left- and 

right-handed versions of enantiomers. For example, lemons and oranges 

contain a common compound, limonene, whose right- and left-handed ver

sion distinguish the smell of each fruit (Heg8trom & Kondepudi, 1990). Less 

commonly thought of in symmetrical terms are processes, even though the 

very basis of structural symmetry must be the underlying processes that 

led to their formation . From our perspective, studies of biological systems 

must focus on characterizing the symmetry properties of processes rather 

than the structures that result from such processes. Indeed, without such 

goals in mind, we would be hard-pressed to justify the study of seemingly 

simple rhythmical movements of human limbs. On the contrary, we marvel 

at the underlying order driven by symmetry principles and without which, 

some argue, science would be dull if not impossible (Monod, 1969). 

113 



References 

Abraham, R., & Shaw, C. (1982). Dynamics - The geometry of behavior. 

Part 1: Periodic behavior. Santa Cruz: Aerial. 

Anderson, P. W. (1972). More is different. Science, 177, 393- 396. 

Arshavsky, Y. I., Kots, Y. M., Orlovsky, G. N., Rodionov, I. M., & Shik, 

M. L. (1965). Investigation of the biomechanics of running by the dog. 

Biophysics, 10, 737- 7 46. 

Baldiserra, F., Cavallari, P., Marini, G., & Tassone, G. (1991). Differential 

control of in-phase and anti-phase coupling of rhythmic movements of 

ipsilateral hand and foot. Experimental Brain Research, 83, 375- 380. 

Baldissera, F., Cavallari, P., & Civaschi, P. (1982). Preferential coupling be

tween voluntary movements of ipsihterallimbs. Neuroscience Letters, 

34, 95- 100. 

Biewener, A. A., & Taylor, C. R. (1986). Bone strain: a determinant of gait 

and speed. Journal of Experimental Biology, 123, 383- 400. 

Bingham, G. P., Schmidt, R. C., Turvey, M. T., & Rosenblum, L. D. (1991). 

Task dynamics and resource dynamics in the assembly of a coordinated 

rhythmic activity. Journal of Experimental Psychology: Human Per

ception and Performance, 17(2), 359- 381. 

Bonnard, M., & Pailhous, J. (1991). Intentional compensation for selective 

loading affecting human gait phases. Journal of Motor Behavior, 23(1), 

4- 12. 

114 



Capaday, C., & Stein, R. B. (1986). Amplitude modulation of the Soleus 

H-refiex in the human during walking and standing. Journal of Neuro

science, 6(5), 1308- 1313. 

Carlson, J. B. (1963). Effect of amount and distribution of inspection 

time and length of decay interval on kinesthetic aftereffect. Journal of 

Experimental Psychology, 66( 4), 377- 382. 

Cohen, A. H., Rossignol, S., & Grillner, S. (1988). Neural control of rhythmic 

movements in vertebrates. New York: John Wiley. 

DeGuzman, G. C., & Kelso, J. A. S. (1991). Multifrequency behavioral 

patterns and the phase attractive circle map. Biological Cybernetics, 

64, 485-495. 

Farley, C. T., & Taylor, C. R. (1991). A mechanical trigger for the trot-gallop 

transition in horses. Science, 253, 306- 308. 

Forssberg, H. S., Grillner, S., & Rossignol, S. (1975). Phase dependent 

reflex reversal during walking in chronic spinal cats. Brain Research, 

85, 103-107. 

Getting, P. A. (1988). Comparative analysis of invertebrate central pattern 

generators. In A. H. Cohen, S. Rossignol, & S. Grillner (Eds.), Neural 

control of rhythmic movements in vertebrates (pp. 101-127). New York: 

Wiley. 

Getting, P. A. (1989). Emerging principles governing the operation of neural 

networks. Annual Review of Neuroscience, 12, 185- 204. 

115 



Grillner, S. (1975). Locomotion in vertebrates: Central mechanisms and 

reflex interaction. Physiological Review, 55, 247-304. 

Grillner, S. (1980). Control of locomotion in bipeds, tetrapods and fish. 

In V. Brooks (Ed.), Handbook of physiology, vol III (pp. 1179- 1236). 

Baltimore: Williams and Wilkins. 

Grillner, S. (1985). Neurological bases of rhythmic motor acts in vertebrates. 

Science, 228, 143- 149. 

Haken, H. (1983). Synergetics, an introduction: Non-equilibrium phase tran

sitions and self-organization in physics, chemistry and biology. Berlin: 

Springer. 

Haken, H., Kelso, J. A. S., & Bunz, H. (1985). A theoretical model of 

phase transitions in human hand movements. Biological Cybernetics, 

51, 347- 356. 

Halbertsma, J. M., Miller, S., & van der Meche, F. G. A. (1976). Basic 

programs for the phasing of flexion and extension movements of the 

limbs during locomotion. In R. M. Herman, S. Grillner, P. S. G. Stein, 

& D. G. Stuart (Eds.), Neural control of locomotion (pp. 489- 517). New 

York: Plenum. 

Hegstrom, R. A., & Kondepudi, D. K. (1990). The handedness of the 

universe. Scientific American, 262(1), 108- 115. 

Herman, P. M., Grillner, S., Stein, P. S. G., & Stuart, D. G. (1976). Neural 

control of locomotion. New York: Plenum. 

Hildebrand, M. (1965). Symmetrical gaits of horses. Science, 150, 701- 708. 

116 



Hildebrand, M. (1976). Analysis of tetrapod gaits: general considerations 

and symmetrical gaits. In R. M. Hermann, S. Grillner, P. S. G. Stein, 

& D. Stuart (Eds.), Neural control of locomotion (pp. 203-236). New 

York: Plenum Press. 

Houk, J. C. (1978). Participation of reflex mechanisms and reaction-time 

processes in the compensatory adjustments to mechanical disturbances. 

In J. Desmedt (Ed.), Cerebral motor control in man: Long loop mech

anisms. Basel: Karger. 

Hoyt, D. F., & Taylor, C. R. (1981). Gait and the energetics of locomotion 

in horses. Nature, 292, 239-240. 

Jayes, A. S., & Alexander, R. M. (1978). Mechanics of locomotion of dogs 

and sheep. J. Zool. Lond., 185, 289- 308. 

Jeka, J. J., & Kelso, J. A. S. (1989). The dynamic pattern approach 

to coordinated behavior: A tutorial review. In S. A. Wallace (Ed.), 

Perspectives on the coordination of movement (pp. 3- 45). Amsterdam: 

North-Holland. 

Jeka, J. J., Kiemel, T., & Kelso, J. A. S. (1991). Pattern switching in 

human multilimb coordination dynamics. Manuscript submitted for 

publication. 

Kay, B. A., Kelso, J. A. S., Saltzman, E. 1., & Schaner, G. S. (1987). 

The space-time behavior of single and bimanual movements: Data and 

model. Journal of Experimental Psychology: Human Perception and 

Performance, 13, 178- 192. 

117 



Kay, B. A., Saltzman, E. 1., & Kelso, J. A. S. (1991). Steady-state and 

perturbed rhythmical movements: a dynamical model. Journal of Ex

perimental Psychology: Human Perception and Performance, 17(1), 

183- 197. 

Kelso, J. A. S. (1984). Phase transitions and critical behavior in human 

bimanual coordination. American Journal of Physiology: Regulatory, 

Integrative and Comparative Physiology, 15, R1000- R1004. 

Kelso, J. A. S., Bressler, S. L., Buchanan, S., Deguzman, G. C., Ding, M., 

Fuchs, A., & Holroyd, T. (1991). Cooperative and critical phenomena 

in the human brain revealed by multiple SQUIDS. In D. W. Duke & 

W. S. Pritchard (Eds.), Proceedings of conference on measuring chaos 

in the human brain (pp. 97- 112). Singapore: World Scientific. 

Kelso, J. A. S., Buchanan, J. J., & Wallace, S. A. (1991). Order param

eters for the neural organization of single, multijoint limb movement 

patterns. Experimental Brain Research, 85, 432- 444. 

Kelso, J. A. S., & DeGuzman, G. C. (1988). Order in time: How cooperation 

between the hands informs the design of the brain. In H. Haken (Ed.), 

Neural and synergetic computers (pp. 180- 196). Berlin: Springer. 

Kelso, J. A. S., Delcolle, J. D., & Schaner, G. S. (1990). Action-perception 

as a pattern formation process. In M. Jeannerod (Ed.), Attention and 

performance XIII (pp. 139- 169). Hillsdale, NJ: Erlbaum. 

Kelso, J. A. S., & Jeka, J. J. (in press). Symmetry-breaking dynamics of 

human limb coordination. Journal of Experimental Psychology: Human 

Perception and Performance. 

118 



Kelso, J. A. S., & Scholz, J.P. (1985). Cooperative phenomena in biological 

motion. In H. Haken (Ed.), Complex systems: Operational approaches 

in neurobiology1 physical systems and computers (pp. 124- 149). Berlin: 

Springer. 

Kelso, J. A. S., Scholz, J. P., & Schoner, G. S. (1986). Non-equilibrium 

phase transitions in coordinated biological motion: Critical fluctua

tions. Physics Letters, A 118, 279- 284. 

Kelso, J. A. S., & Schoner, G. S. (1987). Toward a physical (synergetic) 

theory of biological coordination. In R. Graham & A. Wunderlin (Eds.), 

Lasers and synergetics (pp. 224- 237). Berlin: Springer. 

Kelso, J. A. S., & Schoner, G. S. (1988). Self-organization of coordinative 

movement patterns. Human Movement Science, 7, 27- 46. 

Kelso, J. A. S., Schoner, G. S., Scholz, J. P., & Haken, H. (1987). Phase

locked modes, phase transitions and component oscillators in biological 

motion. Physica Scripta, 35, 79- 87. 

Kugler, P. N., Kelso, J. A. S., & Turvey, M. T. (1980). On the concept 

of coordinative structures as dissipative structures: I. Theoretical lines 

of convergence. In G. E. Stelmach & J. E. Requin (Eds.), Tutorials in 

motor behavior (pp. 1- 47). Amsterdam: North-Holland. 

Kugler, P. N., & Turvey, M. T. (1987). lnformation1 natural law and the 

self-assembly of rhythmic movement. Hillsdale, N J: Erlbaum. 

Kulagin, A. S., & Shik, M. L. (1970). Interaction of the symmetrical limbs 

during controlled locomotion. Biophysics, 15, 171- 178. 

119 



Lestienne, F. (1979). Effects of inertial load and velocity on the braking 

process of voluntary limb movements. Experimental Brain Research, 

35, 407- 418. 

Marder, E., & Meyrand, P. (1989). Chemical modulation of an oscillatory 

neural circuit. In J. W. Jacklet (Ed.), Neuronal and cellular oscillators 

(pp. 317- 338). New York: Marcel Dekker. 

May, R. (1976). Simple mathematical models with very complicated dynam

Ics. Nature, 261, 459- 467. 

Miller, S., & van der Meche, F. G. A. (1975). Movements of the forelimb of 

the cat during stepping on a treadmill. Brain Research, 91, 255- 269. 

Monod, J. (1969). On symmetry and function in biological systems. In 

A. Engstrom & B. Strandberg (Eds.), Symmetry and function of bi

ological systems at the macromolecular level (pp. 15-28). New York: 

John Wiley. 

Muybridge, E. (1979). Human and animal locomotion. New York: Dover 

(From Animal Locomotion, 1887). 

Parker, T. S., & Chua, L. 0. (1989). Practical numerical algorithms for 

chaotic systems. Berlin: Springer. 

Partridge, L. D. (1966). Signal-handling characteristics of load-moving 

skeletal muscle. Amer·ican Journal of Physiology, 210(5), 1178- 1191. 

Pearson, K. G., & Iles, J. F. (1973). Nervous mechanisms underlying 

intersegmental coordination of leg movements during walking in the 

cockroach. Jou·rnal of Experimental Biology, 58, 725- 744. 

120 



Phillipson, M. (1905). L'autonomie et la centralisation dans del systeme 

nerveux des animaux. Trav. Lab. Physiol. Inst. Solvay Bruxelles, 7, 

1- 208. 

Rosenblum, L. D., & Turvey, M. T. (1988). Maintenance tendency in coor

dinated rhythmic movements: relative fluctuations and phase. Neuro

science, 27, 289- 300. 

Rubin, C. T., & Lanyon, L. E. (1982). Limb mechanics as a function of speed 

and gait: A study of the functional strains in the radius and tibia of 

horse and dog. Journal of Experimental Biology, 101, 187- 211. 

Schmidt, R. A. (1982). Motor control and learning. Champaign, Ill: Human 

Kinetics. 

Schmidt, R. C., Carello, C., & Turvey, M. T. (1990). Phase transitions 

and critical fluctuations in the visual coordination of rhythmic move

ments between people. Journal of Experimental Psychology: Human 

Perception and Performance, 16(2), 227- 247. 

Scholz, J. P., & Kelso, J. A. S. (1989). A quantitative approach to under

standing the formation and change of coordinated movements patterns. 

Journal of Motor Behavior, 21 (2), 122- 144. 

Scholz, J.P., & Kelso, J. A. S. (1990). Intentional switching between patterns 

of bimanual coordination is dependent on the intrinsic dynamics of the 

patterns. Journal of Motor Behavior, 22(1), 98- 124. 

Scholz, J.P., Kelso, J. A. S., & Schoner, G. S. (1987). Non-equilibrium phase 

transitions in coordinated biological motion: Critical slowing down and 

switching time. Physics Letters, A123, 390- 394. 

121 



Schoner, G. S. (1989). Learning and recall in a dynamic theory of coordina

tion patterns. Biological Cybernetics, 62, 39- 54. 

Schoner, G. S., Haken, H., & Kelso, J. A. S. (1986). A stochastic theory 

of phase transitions in human hand movement. Biological Cybernetics, 

53, 442-452. 

Schoner, G. S., Jiang, W. Y., & Kelso, J. A. S. (1990). A synergetic theory of 

quadrupedal gaits and gait transitions. Journal of Theoretical Biology, 

142(3), 359-393. 

Schoner, G. S., & Kelso, J. A. S. (1988). Dynamic pattern generation in 

behavioral and neural systems. Science, 239, 1513-1520. 

Sherwood, D. E., Schmidt, R. A., & Walter, C. B. (1988). Rapid movements 

with reversals in direction. II. Control of movement amplitude and 

inertial load. Experimental Brain Research, 69, 355- 367. 

Shik, M. L., & Orlovsky, G. N. (1976). Neurophysiology of locomotor 

automatism. Physiological Reviews, 56(3), 465- 501. 

Shik, M. L., Severin, F. V., & Orlovsky, G. N. (1966). Control of walking 

and running by means of electrical stimulation. Biophysics, 11, 1011. 

Simmons, R. W., & Richardson, C. (1988). Peripheral regulation of stiffness 

during arm movements by coactivation of the antagonist muscles. Brain 

Research, 473, 134- 140. 

Singer, G., & Day, R. H. (1965). Temporal determinants of a kinesthetic 

aftereffect. Journal of Experimental Psychology, 69(4), 343-348. 

122 



Stafford, F. S., & Barnwell, G. M. (1985c). Mathematical models of central 

pattern generators in locomotion: III. lnterlimb model for the cat. 

Journal of Motor Behavior, 17, 60-76. 

Stein, P. S. G. (1974). Neural control of interappendage phase during 

locomotion. American Zoologist, 14, 1003-1016. 

Stein, P. S. G. (1978). Swimming movements elicited by electrical stimula

tion of the turtle spinal cord: the high spinal preparation. Journal of 

Comparative Physiology, 124, 203- 210. 

Stein, R. B. (1982). What muscle variable(s) does the nervous system control 

in limb movements? Behavioral and Brain Sciences, 5, 535- 577. 

Stewart, I. (1991). Mathematical recreations. Why Tarzan and Jane can 

walk in step with the animals that roam the jungle. Scientific American, 

264 ( 4), 158-161. 

Sukhanov, V. B. (1974). General systems of symmetrical locomotion of ter

restrial vertebrates and some features of movement of lower tetrapods. 

Washington, D.C.: Smithsonian Institute. 

Thelen, E., Kelso, J. A. S., & Fogel, A. (1987). Self-organizing systems and 

infant motor development. Developmental Review, 7, 39- 65. 

Thompson, J. M. T., & Stewart, H. B. (1986). Nonlinear dynamics and 

chaos. New York: John Wiley. 

Tuller, B., & Kelso, J. A. S. (1989). Environmentally-specified patterns of 

movement coordination in normal and split-brain subjects. Experimen

tal Brain Research, 75, 306- 316. 

123 



Tuller, B., & Kelso, J. A. S. (1990). Phase transitions in speech production 

and their perceptual consequences. In M. Jeannerod (Ed.), Attention 

and performance XIII (pp. 429- 452). Hillsdale, NJ: Erlbaum. 

Turvey, M. T. (1990). Coordination. American Psychologist, 45, 938- 953. 

von Holst, E. (1939/1973). Relative coordination as a phenomenon and as 

a method of analysis of central nervous function. In R. Martin (Ed.), 

The collected papers of Erich von Holst (pp. 33- 135). Coral Gables, 

FL: University of Miami. 

Weyl, H. (1952). Symmetry. Princeton: Princeton University. 

Wilson, D. M. (1961 ). The central nervous control of flight in a locust . 

Journal of Experimental Biology, 38, 471- 490. 

Wimmers, R. H., Beek, P. J., & van Wieringen, P. C. W. (1991). Phase tran

sitions in rhythmic tracking movements: a case of unilateral coupling. 

Human Movement Science, 11, 1- 10. 

Wylie, R. M., & Tyner, C. F. (1989). Performance of a weight-lifting task 

by normal and deafferented monkeys. Behavioral Neuroscience, 103(2), 

273-282. 

Zanone, P. G., & Kelso, J. A. S. (in press). The evolution of behavioral 

attractors with learning: nonequilibrium phase transitions. Journal of 

Experimental Psychology: Human Perception and Performance. 

124 



CURRICULUM VITA 

John J. Jeka 

Born: February 1, 1957- Milwaukee, WI 

Present Address: Graybiel Spatial Orientation Lab 
Brandeis University 
415 South Street 
Waltham, MA 02254-9110 
(617) 736-2036 

Major Research Interests: The influence of sensory information 
on human limb movement patterns and posture. 

Education 

B.A. 

M.A. 

Ph.D. 

Experience 

1991 - present 

1986- 1991 

Tufts University, Medford, MA 
1979 (Economics /Psychology) 

Tufts University, Medford, MA 
1988 (Developmental Psychology) 

Florida Atlantic University, Boca Raton, FL 
1992 (Psychology) 

NIH NRSA postdoctoral fellow 
Graybiel Spatial Orientation Lab 
Brandeis University, Waltham, MA 
Sponsor: James Lackner 

NIMH pre-doctoral fellow in Complex Systems & Brain Sciences 
Center for Complex Systems, Florida Atlantic University, 
Boca Raton, FL. Advisor: J.A.S. Kelso 

1 



1989 

1984- 1985 

1984 

1979- 1984 

Publications 

Graduate Seminar Teaching Assistant 
Nonlinear Science of Behavior 
Florida Atlantic University, Boca Raton, FL 

Research Assistant, Project Spectrum, Tufts University, 
Medford, MA and Harvard University, Cambridge, MA 
Advisor: David Feldman 

Research Assistant, Tufts University, Medford, MA 

Tennis and Squash Coach, Tufts University, Medford, MA and 
The Heights Casino, Brooklyn, NY 

Jeka, J.J., Kiemel, T. & Kelso, J.A.S. (1991). Pattern switching in human 
multilimb coordination dynamics. Manuscript submitted for publica
tion. 

Jeka, J.J. (1992). Asymmetric dynamics of human limb coordination. Doc
toral Dissertation, Florida Atlantic University, Boca Raton, FL. 

Kelso, J.A.S., & Jeka, J.J. (in press). Symmetry breaking dynamics in 
human multilimb coordination. Journal of Experimental Psychology: 
Human Perception & Performance. 

Jeka, J .J. & Kelso, J .A.S. (1991 ). Neurobiological dynamical systems? A 
review of neuronal & cellular oscillators. Cellular Clocks Series ( vol. 2). 
Bulletin of Mathematical Biology, 53( 4), 657-663. 

Jeka, J.J. & Kelso, J.A.S. (1989). Pattern formation in a multistable coor
dinative system. 19th Annual Meeting of the Society for Neuroscience 
Abstracts, 15(1 ), p. 605. 

Jeka, J.J. and Kelso, J.A.S. (1988). The dynamic pattern approach to coor
dinated behavior: a tutorial review. In S.A. Wallace (Ed.), Perspectives 
on the coordination of movement. New York: North Holland. 

Jeka, J.J. & Kelso, J.A.S. (1988). Dynamic patterns of multi-limb coordina
tion. In J.A.S. Kelso, A. J. Mandell & M. F. Shlesinger (Eds.), Dynamic 
Patterns in Complex Systems (p. 403). World Scientific: Singapore. 

2 



Jeka, J .J. (1988). Developmental sex differences in bimanual motor behav
ior. Unpublished master's thesis, Tufts University, Medford, MA. 

Presentations 

Jeka, J.J. & Kelso, J.A.S. (1991, November). Symmetry-breaking dynamics 
of coordination. Presented at the 32nd annual meeting of the Psycho
nomics society. San Francisco, CA. 

Jeka, J.J. & Kelso, J.A.S. (1991, June). Symmetry breaking dynamics in 
human multilimb coordination. Presented at the 25th annual meeting 
of the North American Society for Psychology of Sport and Physical 
Activity, Monterey, CA. 

Jeka, J.J., Kelso, J.A.S. , & DeGuzman, G.C. (1990, April). New concepts 
and tools for understanding coordination. Presented at the 1st annual 
meeting of the International Society for Movement Disorders. Washing
ton, D.C. 

Jeka, J.J. & Kelso, J.A.S. (1989, March). Pattern stability and change 
in experimental studies of multiple moving components. Presented at 
the Conference on Perception, Action and Cognition, Florida Atlantic 
University, Boca Raton, FL. 

Jeka, J.J. & Kelso, J.A.S. (1987, May). Preliminary observations of multi
limb coordination. Presented at the International Conference on Eco
logical Psychology, Emory University, Atlanta, GA. 

Honors and A wards 

1991 American Psychological Association Student Dissertation Research 
Award. 

1989 Daniel C. Brown Award for outstanding graduate study. 

1988 Jack T . Walker Memorial Award for excellence in research. 

Related Skills 

Computer languages - Fortran, C and Pascal. 

Data acquisition languages- ILS, Data Translation, Asyst. 

3 



Professional Society Memberships 

American Psychological Association 

Society for Neuroscience 

Grant History 

1988-1991 

1991-1993 

NIMH pre-doctoral fellow in Complex Systems & Brain Sciences. 
Advisor: J .A.S. Kelso. 

NIH NRSA post-doctoral fellow. Nonlinear dynamics in 
visual perception. Sponsor: James Lackner. 

4 




	00cover1
	jeka_0_1
	jeka_0_2
	jeka_0_3
	jeka_0_4
	jeka_0_5
	jeka_0_6
	jeka_0_7
	jeka_0_8
	jeka_0_9
	jeka_0_10
	jeka_0_11
	jeka_0_12
	jeka_0_13
	jeka_0_14
	jeka_01
	jeka_02
	jeka_03
	jeka_04
	jeka_05
	jeka_06
	jeka_07
	jeka_08
	jeka_09
	jeka_10
	jeka_11
	jeka_12
	jeka_13
	jeka_14
	jeka_15
	jeka_16
	jeka_17
	jeka_18
	jeka_19
	jeka_20
	jeka_21
	jeka_22
	jeka_23
	jeka_24
	jeka_25
	jeka_26
	jeka_27
	jeka_28
	jeka_29
	jeka_30
	jeka_31
	jeka_32
	jeka_33
	jeka_34
	jeka_35
	jeka_36
	jeka_37
	jeka_38
	jeka_39
	jeka_40
	jeka_41
	jeka_42
	jeka_43
	jeka_44
	jeka_45
	jeka_46
	jeka_47
	jeka_48
	jeka_49
	jeka_50
	jeka_51
	jeka_52
	jeka_53
	jeka_54
	jeka_55
	jeka_56
	jeka_57
	jeka_58
	jeka_59
	jeka_60
	jeka_61
	jeka_62
	jeka_63
	jeka_64
	jeka_65
	jeka_66
	jeka_67
	jeka_68
	jeka_69
	jeka_70
	jeka_71
	jeka_72
	jeka_73
	jeka_74
	jeka_75
	jeka_76
	jeka_77
	jeka_78
	jeka_79
	jeka_80
	jeka_81
	jeka_82
	jeka_83
	jeka_84
	jeka_85
	jeka_86
	jeka_87
	jeka_88
	jeka_89
	jeka_90
	jeka_91
	jeka_92
	jeka_93
	jeka_94
	jeka_95
	jeka_96
	jeka_97
	jeka_98
	jeka_99
	jeka_100
	jeka_101
	jeka_102
	jeka_103
	jeka_104
	jeka_105
	jeka_106
	jeka_107
	jeka_108
	jeka_109
	jeka_110
	jeka_111
	jeka_112
	jeka_113
	jeka_114
	jeka_115
	jeka_116
	jeka_117
	jeka_118
	jeka_119
	jeka_120
	jeka_121
	jeka_122
	jeka_123
	jeka_124
	jeka_125
	jeka_126
	jeka_127
	jeka_128
	jeka_129

