Exercise 3: Reber Grammar

"Reber" "Non-Reber"
BTSSXXTVVE BTSSPXSE
BPVVE BPTVVE
BTXXVPSE BTXXVVSE
BPVPXVPXVPXVVE | BFVSPSE
BTSXXVPSE BTSSSE




A more extensive worked example

Coordination Dynamics

Jlynamic Pattern's The Complementary Nature
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Science, 1979: On the Nature of Human Interlimb
Coordination (Scott Kelso)
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Fig. 1. Mean reaction time, movement time, and total response times for single- and two-handed
movements varying in amplitude and precision requirements.

Each row corresponds to one experimental task.
Subjects are asked to move, after a signal, from the
midline to one or two targets.
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..the brain produces simultaneity of
action not by controlling each limb
independently, but by organizing
functional groupings of muscles that
are constrained to act as a single

unit



Coordination Dynamics: Scott Kelso and co-workers

A model system for studying coordination

in phase antiphase










antiphase inphase

Laft finger

Right finger

Connectionism/Dynamics 2017



e Two stable modes at moderate speed: in phase,
and anti-phase

® transition to a single mode (in phase) at fast rate
® No comparable transition as rate is reduced

® Increase in variability shortly before the transition
(critical fluctuations)

® Model system for studying coordination



Notice how “in phase” and “anti-phase” have been
defined with respect to the bilateral symmetry of the
body.




The switch between patterns occurs when we start at
a low frequency (anti-phase, say 1 Hz), and gradually
speed up. Resisting the switch causes instability that
destroys the coordination.

| confess | am still unsure about the relative importance
of the use of homologous muscle groups vs orientation
w.r.t. the body’s symmetry in defining these patterns.

What if the hands belonged to two people? Let's try!



AN d a

Mechsner, F., & Prinz, W. (2003). What is coordinated in bimanual
coordination?. The Dynamical Systems Approach to Cognition: Concepts and
Empirical Paradigms Based on Self-Organization, Embodiment, and
Coordination Dynamics. Edited by TSCHACHER WOLFGANG &
DAUWALDER JEAN-PIERRE. Published by World Scientific Publishing Co.
Pte. Ltd., 2003. ISBN# 9789812564399, pp. 71-91, 71-91.
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Fig. 1. Instructed synchronous finger oscillation patterns, and hand positions. a, Symmetrical movement.

b, Parallel movement. ¢, d, Congruous positions with both

palms up or both palms down. e, f,
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By stimulating a single site
in the mid-brain
(mesencephalon), changes
in walking speed were
induced, leading to abrupt
gait changes at critical
velocities.



Haken, H., Kelso, J. S., & Bunz, H. (1985). A theoretical model of phase
transitions in human hand movements. Biological cybernetics, 51(5), 347-356.

Modelling strategy:
(1) Model joint behaviour as a single system (1 d.o.f. total)

(2) Model each hand as an oscillator (2 d.o.f. each)

(3) Model coupling between hands to derive 2 from 1

Then consider extensions, refinements, etc.



(1) Model joint behaviour as a single system

The state of the system is a single number: the relative
phase i.e. phase if hand 1 - phase of hand 2

Kelso describes the state of the system using one
number (¢), and the dynamic using a single potential
function, V.

@ = relative phase
= difference between 2 phases

DORSAL
INTEROSSEN



@ = relative phase
= difference between 2 phases

DORSAL
INTEROSSE]

Relative phase is an appropriate number for succinctly
capturing the overall state of the system. Such a term
may be called a collective variable or (confusingly) an

order parameter.



The state space is one dimensional. Over that we define
a potential function, with minima at the desired places.

The dynamic is then the (negative) slope of this potential
function.

V(p+2m) = v(o)

V(9)

dt

V(g) = V(-9

—a cos @ — bcos2¢
_dV(¢)

do
—a sin ¢ — 2bsin 2¢

Figure 2.7 The HKB model of coordination. The potential, V{¢), as the ratio b/a is changed.
The little ball illustrates the behavior of the system initially prepared (upper left corner) in the
antiphase state. White balls are unstable coordinative states; black balls are stable.



(2) Model each hand as an oscillator (2 d.o.f. each)

Data was obtained looking at how the amplitude of
osciallation varies with rate for a real hand.

This required constructing
a hybrid form combining Al
two well-known simple
oscillators. The hybrid
form matched the hand
data.
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Fig. 28 Amplitude-frequency relation for the van-der-Pol (dotted), Rayleigh (~ «



The details of the coupling matter.

2 coupled oscillators

X Each oscillator has
Its own behaviour

S S but in their
Interaction,
everything is
different!



The 2-hand system is an emergent pattern arising when
two hands are coupled.

Each hand is an oscillator in its own right.

...and they are coupled.




System 1 :'151 — f(ﬂ?l,j?l) = (

System 2 To — f(x9,T9) =0

System 1 * System 2

515'1 — f(ﬂjl,jjl) (331,3.31,33'253.32)

=9
Ty — f($2, 332) — 9(332: ij: L1, ﬂjl)
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(3) Model coupling between hands to derive 2 from 1

This is the mathematical work of the Haken-Kelso-Bunz
paper from 1985. The maths is non-trivial.@

&1 — f(z1,21) = g(x1, 21, T2, T2)
&gy — f(x2,22) = g(xa, Ta, 21, 21) b\ /

V(¢) = —acos(¢p) — bcos(2¢)

This can only work if we have captured the basic
characteristics of the oscillators and their coupling



Extensions



Joumnal of Expenmental Psychology:
Human Perception and Performance
1990, Vol. 16, No. 2, 227-247

Copyright 1990 by the American Psychological Association, Inc.
1523/90/%00.75

Phase Transitions and Critical Fluctuations in the Visual Coordination
of Rhythmic Movements Between People

R. C. Schmidt, Claudia Carello, and M. T. Turvey
Center for the Ecological Study of Perception and Action, University of Connecticut, Storrs,
and Haskins Laboratories, New Haven, Connecticut

Figure 1. Seating arrangement of the subjects for the experiments.
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Figure 2. Standard deviation of relative phase at each frequency of
the pacing metronome for the two phase modes, symmetric and
alternate, in Experiment 1. (Open squares are symmetric mode; closed
circles are alternate mode.)



Schmidt, Carello, Turvey: Social coordination
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Figure 8. Relative phase as a function of mean frequency for each
frequency segment in the symmetric mode (upper panel); relative
phase as a function of frequency scaled relative to the transition
frequency for the alternate mode (lower panel).
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Speech Cycling

Work done with Robert Port and Keiichi Tajima
(Indiana University)
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* There are 3 and only 3
stable production forms

* Phases are |/3, 1/2 and
2/3

* Not all subjects discover
the 2/3 pattern (nonce
stress)

* Results implicate
hierarchically organized,
low-dimensional dynamical
systems in production

 Consistent in kind with
limb results
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Kelso: mismatched oscillators

What if the two effectors are mismatched, with
different eigenfrequencies?

O = Aw — a sin ¢ — 2b sin 2¢

with Aw = : W1 — Wo

V(¢) = —Aw ¢ —a cosg — b cos 2¢
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Coordination Dynamics, Figure 5

How the key coordination variable or order parameter of the elementary coordination law (Eq. (5)) behaves over time. Shown is
a family of trajectories of the relative phase ¢ over time (in Arbitrary Units) arising from a range of initial conditions sampled be-
tween 0 and 2z radians, in the multistable (a}, monostable (b) and metastable regimes (c) of Eq. (5). For the uncoupled case (d) the
trajectories never converge indicating that the oscillations are completely independent of each other. Trajectories in the multistable
régime (a) converge either to an attractor located slightly above ¢¢ = 0 rad module 2 or to another attractor located slightly above
¢ = m rad modulo 2. In the monostable régime (b), trajectories converge to an attractor located slightly above ¢ = 0rad modulo
2x. In the trajectories of relative phase for the metastable régime (c unwrapped to convey continuity), there is no longer any per-
sisting convergence to the attractors, but rather a succession of periods of rapid drift (escapes) interspersed with periods inflecting
toward, but not remaining on the haorizontal (dwells). Note dwells near ¢¢ = 0 rad modulo 27 in the metastable régime (e.qg. dwell
at about 4 rad annotated 1 in ¢) and nearby ¢¢ = ® rad modulo 2x (dwell at about 3 rad annotated 2 in ¢) are reminiscent of
the transient obtained for certain initial conditions in the monostable regime (Fig. 5b, annotation 3). The key point is that in the
metastable régime the system’s behavior is a blend of coupled and independent behavior
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Investigating the displacement of the stable equilibria
with weighted pendula

O l'\ o 0 A W

Fig. 3. Ellect of 4 = Aw on the coordination cquilibria lor coupled ordinary (Mlack)
and vertical {gray) handheld pendulums (sce text for details)



Thelen & Smith: generic patterns of development
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Kelso, Dumas, Tognoli: Coordination at different scales
within the CNS
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JAS, Kelsa et al, f Neural Networks 37 {2013} 120-1711
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Coordination Dynamics of the Horse~Rider System

J. Lagarde

Center for Complex Systems and Brain Sciences
Florida Atlantic University

Boca Raton

C. Peham

T. Licka

Clinic of Orthopedics in Ungulates
University of Veterinary Medicine Vienna
Wien, Austria

Connectionism/Dynamics 2017

J. A. S. Kelso

Center for Complex Systems and Brain Sciences

Florida Atlantic University

Boca Raton
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FIGURE 1. Time series of vertical displacement. A. Locations of the 18 markers on the bodies
of the rider and the horse, recorded on the x-z plane (axes shown). B. Representative time series
of the oscillations along the z coordinate. Top. Riders. Bottom. Horse. Left. Novice rider. Right.
Expert rider. The displacements are shown with an offset for clarity. From bottom to top, each
trajectory represents, for the riders, motion of the toe, heel, knee, hip, wrist, elbow, shoulder, and
head; and for the horse, motion of the right hind hoof, right hind fetlock, right hock, right fore
hoof, right fore fetlock, right carpal joint, sacral bone back, sacral bone front, nasal bone, and
frontal bone. C. One cycle of vertical oscillation of the shoulder, elbow, and wrist for the two rid-
ers, isolated from the data shown in B. For the novice rider, the oscillations were synchronized
together at the maxima of vertical displacement, whereas at the minima, corresponding to the
extension of the horse, an increasing phase shift evolved from the shoulder to the wrist. For the
expert, the synchronization was maintained during the entire cycle.
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FIGURE 2. Mean and standard deviation of relative phase of the vertical oscillations of the
rider with respect to the sacrum of the horse. A. Mean relative phase in degrees for the novice
for all the markers and all the trials (n = 8). B. Mean relative phase for the expert (n = 8). C.
Standard deviation of the relative phase for the novice. D. Standard deviation of the relative
phase for the expert. The insets in C and D show (top) the distribution of the relative phases
between wrist and sacrum, including all the trials; and (bottom) for a representative trial, the
power spectra of the oscillation of the sacrum of the horse (dotted line) and the wrist of the
rider (solid line).



