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Please write on each sheet of paper your name and student number. The exam consists of six open
questions, for which 35 points can be earned. Concise answers are highly appreciated and sufficient to
earn the points. The Notes sections on pages 9 and 10 provide additional space to answer questions in
case the provided space is insufficient. Please note that erroneous passages in a lengthy answer may
have adverse consequences in that it can lead to diminution of points you received for correct parts in
the answer. Dictionaries and calculators are not allowed. Good luck!
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Question 1: Coordination dynamics and the HKB model (10 points)
Coordination dynamics may be defined as a set of context-dependent laws and rules that describe,
explain, and predict how patterns of coordination emerge, adapt, persist, and change in natural
systems consisting of multiple interacting subsystems.
A) A collective variable may be defined as a variable that characterizes the dynamics of patterns of
coordination in systems consisting of multiple interacting subsystems. Describe the time-scale relation
between the dynamics of the collective variable and that of the interacting subsystems, and give an
example. [2 points]
Hallmark feature of coordination dynamics is that the collective variable evolves orders of
magnitudes slower than the constituent processes (1 point). Many examples possible; at least the
constituent processes and the collective variable should be specified, including a specification of the
time-scale separation in the dynamics (1 point).

B) What is the name for an abrupt change from one collective state to another, as induced by scaling
an unspecific control parameter? [1 point]
Phase transition

The Haken-Kelso-Bunz (HKB) model of coupled oscillators is one of the foundations of coordination
dynamics. The potential of the symmetric HKB model and its order parameter dynamics equation
were originally defined as V ( )  a cos( )  b cos(2 ) and   a sin( )  2b sin(2 )  Q t ,
respectively.
C) The symmetric potential was later modified by adding a parameter in order to deal with
asymmetries in intrinsic frequencies of the subsystems. What is the general name for this asymmetry?
Also, specify the modified potential function ( V ( )  ... ). [2 points]
The general name for this asymmetry is detuning (1 point)
The potential should be modified as follows: V ( )    a cos( )  b cos(2 )
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D) In the figure on the right, the order parameter
dynamics function is given for a certain parameter
setting. Sketch in the figure panel below the time
evolution of the order parameter ϕ, starting at ϕ = 120°
and with Q > 0. [2 points]
From 120 to 180 (dphi/dt > 0), then from -180 to about
-170 (where dphi/dt = 0 with negative slope). Noisy
around -170 because Q>0

E) With regard to the HKB model, describe the three model-parameter requirements under which we
can observe critical fluctuations for in-phase coordination. [3 points]
We need a non-zero Q (1 point), a big delta omega (1 point), and we need to scale the b/a ratio to a
very low value such that the stable in-phase fixed point disappears (1 point). At and around this
vanishing fixed point, fluctuations will grow because the driving force towards phidot is zero
vanishes.
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Question 2: Sensorimotor coordination (4 points)
We have seen many examples of sensorimotor coordination in this course, mostly auditory-motor and
visuomotor coordination. With regard to the latter, we have witnessed an inter-personal fingerwiggling task (see the left panels in the figure below; picture from Oullier et al. 2008) and a tracking
task in which participants had to follow a rhythmically oscillating visual stimulus with their hand (as
schematically represented in the right part of the figure below; based on Wimmers et al. 1992).

A) These two examples of visuomotor coordination differ in terms of coupling in two regards.
Explain. [2 points]
The coupling differs in two ways: in directionality and autonomy. In the interpersonal finger wiggling
task, both persons can autonomously adjust their tempo and phasing (bidirectional autonomous
coupling). In the tracking task with a visual metronome, only the person can adjust, so the coupling is
unidirectional and non-autonomous (time dependent).

B) Give an example of an undirected form of auditory-motor coordination that emerges from ‘the
bottom up’. [1 point]
Episodes of synchronized clapping in an audience. No one is in charge (no conductor, director,
commander), but synchronized clapping emerges spontaneously (self-organized) from interactions
among subsystems (everybody can adjust their tempo and phasing to each other). Neda et al. 2000

C) Define syncopation (in the context of sensorimotor coordination) and give an example. [1 point]
Syncopation is to perform a rhythmic action in between rhythmic external events. Example: clap in
between the beat.
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Question 3: Circular statistics and complex variability (7 points)
A) Within the coordination dynamics literature, circular (a.k.a. directional) statistics is often used to
quantify the mean relative phase and its variability. In Sparto and Schor (2004) and in the
Computer Practicals, circular plots were introduced in which each value of relative phase is
plotted in polar coordinates on a unit circle. Typically, a vector is included in this plot to represent
the mean relative phase as well as its dispersion. The direction of the vector is a measure of central
tendency of the relative phase data ϕ and its length is inversely related to the dispersion of the
relative phase data. Determine for the relative phase data ϕ of the two circular plots depicted
below the mean vector direction and its length. [4 points]
Mean direction: 170°

Mean length: 0.33

Mean direction: NaN

Mean length: 0

B) The temporal ordering in physiological time series is informative, as shown by Goldberger (2006)
in the context of fractal physiology and by Dingwell and Cusumano (2010) in the context of the
control processes underlying gait-parameter fluctuations. Explain, on the basis of particular
features in such time series, how tightly controlled processes can be identified. [2 points]
This question refers to long-range correlations in data, of which two types exist: persistent and antipersistent correlational structure. The latter represents that deviations in a certain direction are
statistically more likely to be followed by deviations in the opposite direction, a distinct feature of
tightly controlled processes.

C) Relative phase data of stationary bimanual coordination exhibits fluctuations, which is typically
quantified by taking the standard deviation of the relative phase time series. Does the temporal
ordering of relative phase data points matter in that regard? Briefly explain. [1 point]
No, SD of relative phase is a measure quantifying the average squared deviation from the mean value,
and hence the temporal ordering of the data points does not matter (is averaged out).

5

Question 4: Coupling relations (5 points)
In his guest lecture, Dr. de Poel introduced
asymmetric and inverse coupling between two
oscillators. He visualized this by modifying the
coupling relation I12 (the extent to which oscillator 1
is influenced by its own dynamics and by that of
oscillator 2) in a system of symmetrically coupled
oscillators, as reproduced here on the right.
A) Give, in the context of interpersonal coordination, an example of asymmetric coupling. Also,
indicate how the coupling relation I12 should change to represent asymmetric coupling. [2 points]
Many examples possible. For example the horsing around study with mechanical coupling and vision:
the front person has a stronger influence on the back person than vice versa. By adding a positive
constant c with a value smaller than 1 in front of I12 the degree to which oscillator 1 is influenced by
oscillator 2 can be scaled.

B) In the left panel of the figure below, copied from McGarry and de Poel (2016), lateral
displacement data of two squash players (the lower two time series) are depicted, along with the
corresponding relative phase data of the rally (upper time series). Sketch in the right panel the
histogram of the relative phase data, name the type of coupling involved, and indicate how the
coupling relation I12 should be changed to account for such a distribution. [3 points]

Histogram has peaks at -90 (=270) and + 90 degrees, suggesting an antagonistic or inverse coupling
relation. I12 should be changed by adding negative signs to x2 and xdot2 to represent this inverse
coupling relation (or placing a negative constant c in front of the relation).
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Question 5: Interpersonal coordination (4 points)
In lecture 9, we discussed the manuscript by Varlet et al.
(2014) addressing a coordination-dynamics experiment on
inter-personal rhythmic pendulum swinging in persons with
social anxiety disorder (SAD) and in healthy controls
(Control). The figure on the right provides the group results of
the intentional coordination conditions for the different
pendulum combinations.
A) Describe what is meant with P2-P1 (follower), P1-P1
(neutral) and P1-P2 (leader) pendulum combinations? [2
points]
Participants were holding pendulums (P1 or P2), for which the
intrinsic frequency varied (frequency P1 < P2). Participants of
the two groups were matched with a synchronization partner,
with either matching (P1–P1) or dismatching pendulum pairs
(P2-P1 and P1-P2). In the P2-P1 condition, the participant
had to couple his swinging (P1) to a person with an
intrinsically faster frequency (P2); as a consequence the
participant has the tendency to follow. Vice versa, for the P1P2 condition, the participant (P2) is the intrinsically faster
oscillator with the tendency to lead over the intrinsically
slower oscillator (P1).

B) The authors summarized their findings as follows: “The results demonstrated that the coordination
dynamics were disrupted in the SAD group when the coordination was intended and the SAD
participant had to lead the coordination”. Which of the two outcome measures depicted in their
Figure 2 (see above) supports this statement? Explain. [1 point]
SD relative phase (1 point). As can be seen in Fig 2B, the SAD group had higher SD relative phase
than the controls in the P1-P2 (leader) condition (Interaction effect), representing poorer (less stable)
coordination (1 point).

C) In addition to intentional coordination, the authors also examined group differences with regard to
unintentional coordination. Summarize the group findings in that regard. [1 point]
There were no differences between groups, suggesting that unintentional social coordination was not
disrupted in the SAD group.
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Question 6: Lissajous planes and relative phase (5 points)
Lissajous planes are efficient ways to visualize coordination patterns, while the mean relative phase is
often used to quantify coordination patterns. In the realm of coordination dynamics, both have been
used extensively, such as in studies on bimanual coordination and ankle-hip postural coordination.
A) In lectures and computer practicals, two types of relative phase were introduced. Name the two
types of relative phase and explain which type corresponds to the following equation, as used by
Varlet and Richardson (2015) in their study on unintentional interpersonal synchronization
between two sprinters (Bolt, Gay). [2 points]

The two types of relative phase are 1) point estimate of relative phase and 2) continuous relative
phase (1 point). This equation deals with a point estimate of relative phase because the time indices of
foot contact of Bolt and Gay were used as reference points (1 point).
B) The results of Kennedy et al. (2016) clearly indicated that with direct Lissajous feedback
participants can produce a large range of intrinsically unstable interlimb coordination patterns.
Draw arrows in the nine Lissajous planes in the figure of Kennedy et al. (2016) below to indicate
the direction of evolution, taking into account that the right limb was always leading. [1 point]

Counterclockwise for all panels (right is already at its extreme, left arrives at the extreme later)
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C) In the figure below, positions of oscillators x and y
are depicted as a function of time. Draw the
corresponding Lissajous plane in the panel on the
right. [2 points]

_____________________________________________________________
Notes:

9

Notes:

This is the end of the exam. Thank you for participating in the coordination dynamics course. The
course and exam evaluation is now/soon available online (VUnet). Your feedback to help improve the
course is very much appreciated! I wish you happy holidays! Best regards, Melvyn Roerdink

10

