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Humans are often faced with tasks that require stabilizing inherently unstable
situations. We performed four experiments to explore the nature of functional
stabilization. In Experiment | participants balanced a pole until a time criterion was
reached. The geometry, mass, and characteristic “fall time” of the pole were manipulated.
Distributions of timing between pole and hand velocities showed strong action-perception
coupling. When actions demonstrated a potential for failure, the period of hand

oscillation correlated significantly with the “time to balance” (r,, = %), where@ is pole

angle re: the vertical balance point, but not other quantities such as @ and 6 alone. This
suggested that participants were attending to available r,, information during critical
situations. In a model analysis and simulation, we demonstrated how discrete ot

information may be used to adjust the parameters of a controller to perform this task.
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In Experiment 2 participants balanced a virtual inverted pendulum under
manipulations designed: 1) to decouple the mechanics of the system from its visual
image; 2) to alter the mapping of perception and action; and 3) to perturb successful
balancing. A replication of the correlation analysis of Experiment 1 revealed that across
all conditions, significant relationships existed between visually specified t-variables and
hand oscillation during critical motions of the pole. These results suggested that
participants use the same 7,, information to successfully stabilize both virtual and
physical unstable systems, despite quite dramatic visual and mechanical transformations.

In Experiments 3 and 4 we investigated how parts of the body, or individuals in a
social dyad cooperate to perform a functional stabilization task. Participants balanced a
pole either intermanually (using 2 separate hands) or interpersonally (2 persons each
using their preferred right hand) until a time criterion was reached. Although the
magnitudes of the forces exerted by each hand were different, an analysis of the timing of
the forces revealed that intermanual (interpersonal) participants developed a consistent
antiphase (inphase) coordination pattern. These different coordination patterns allowed

for the recruitment of previously unavailable efferent and afferent connections to produce

the net forces that served to stabilize the pole via 8 (see Experiment 1).
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Chapter 2

Figure List

...........................................................................................

The experimental setup consisting of a pole configuration, a cart, and a
horizontal linear track. (a) Straight pole configuration and the relevant
physical parameters and variables used in the analysis. The convention
used is: @ is positive (negative) when the pole is right (left) of the vertical;
M = mass of the cart, L = pole length, m = pole mass, F = force applied by
the hand to the base; g = acceleration due to gravity; (b) Steel L-pole
configuration shown at its balance point (the base rod inclined 11.4
degrees from the vertical). (c) Wood L-pole configuration at its balance
point (the base rod inclined 4 degrees from the vertical). For the L-poles,
the angles were adjusted by subtracting the appropriate balance point
value.

Hand Position (solid) and pole angle (dashed) time-series for successful
and unsuccessful balancing trials. Shown are timeseries of typical
balancing behaviors during acquisition and retention sessions using the
straight pole (a, b) and the wood L-pole (c, d). In both cases, hand position
is anti-phase with the pole angle. As seen in (c, d), although early
balancing using the L-shaped wood pole is unsuccessful, after practice the
kinematic behavior takes on the characteristics of the successful trials of

the straight pole.

2 el

Distribution of A-values collapsed across learning and pole conditions.
Md is the median value, and Mo represents the mode.

(a) Time series plots of the hand velocity (solid lines) and pole velocity
(dashed lines) showing tight anti-phase coordination. Data are from the

successful trial shown in Figure 2.2d. (b)-(c) Plots of 1. and 7,
computed from the same data source as in (a).
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Relationship between the shape of the curve r,, vs.rand pole trajectory.
When the pole is confined to the region -%<#<Z so that it does not dip
below the horizontal, the time series plot of r,,, is composed of four basic
shapes: (a) sigmoid: 7,, goes through the sequence —x 50—+ in a
reverse S-shape fashion and occurs when the pole starts from one side,
overshoots the vertical, and ends up on the other side; (b) Inverted-U,
which occurs as the pole moves up but undershoots the vertical, (c) U-
curve, which occurs when the pole drifts away from vertical after an
undershoot; Incomplete-U curve, which occurs during a catastrophic fall
of the pole. These r,, vs.z curves are the same regardless of which side of
vertical the pole resides in. Note that when the pole does not dip below the
horizontal, plots (b) and (c) always occur together.

2D e, 29
An example of a phase portrait, 7,, vs. r,, using the data from the
successful trial of Figure 2.2d.

PR 31
Distribution of r,, -values according to experimental conditions.

2 32
Distribution of ¢,, -values according to experimental conditions.

2. e 34
Classification system based upon two successive cycles of successful
balancing behavior. Here the six different paths that are seen in the
experimental data and their corresponding r,, vs.zcurves (see Figures
2.5a-c) are enumerated.

Classification system based upon two successive cycles of pole rajectories
immediately preceding a catastrophic fall of the pole. Here the incomplete
U-curve (r,, vs.t, see Figure 2.5d) of a pole fall replaces the U-curve
found during successful balancing. Two different routes to failure, the
failure-to-reverse and failure-to-continue are seen (compare with paths 2
and 4 in Figure 2.9).

Time series of hand velocity (solid lines) versus pole (dashed lines)
velocity (a), pole angle (b), and force (c), as computed from equations (Al
and A2). Note the close relationship between the force and the angle

Xvi



during non-periodic pole motions. This implies a k value that is not
constant, and that exhibits a complex dynamics (see text for discussion).

Representative time series of experimental (a) and simulated (b) &, values

obtained from the ratio -% .

Simulation of (a) hand (solid lines) and pole velocities (dashed lines), (b)
Tpu » aNd (€) 7,, . The parameters used were: #=4.6,£=.75, a, =2.8 for

the initial value of a , #u=0.4, @ =+/9.8, noise standard deviation of
0.001, and a simulation run-time of 100 sec. Initial conditions were:
8, =28deg, 6, =—11.5deg/sec, X, ==50cm, x, =4.1cm/sec.

Phase portrait of 7,, vs. r,, using the simulation of Fig. 2.13.

Chapter 3

(@) The experimental setup consisting of a personal computer and a
digitizing tablet over which a linear track with an aluminum cart holds a
digitizing pen and an accelerometer. A custom-built simulation program
generates a virtual inverted pendulum, which is controlled by the inputs of
the digitizing pen and accelerometer. This experiment was designed to
simulate the inverted pendulum apparatus that was used in previous
experiments (see Foo et al., 2000; Treffner & Kelso, 1995, 1999). (b)
Schematic of an inverted pendulum pivoting on a cart that is affixed to a
horizontal linear track. The convention used is: @is positive (negative)
when the pole is right (left) of the vertical; M = mass of the cart, L = pole
length, m = pole mass, F = force applied by moving the cart and pen over
the digitizing tablet.

An illustration of the nine experimental conditions used in the present
experiment. In all of the figures one can see the horizontal linear track, the
cart, and the straight pendulum. The arrow at the bottom of each figure
represents the direction of the cart moves when the participant moves the
digitizing pen to the right. The top row (Figures 3.2a-d) exhibits the details
of the first four experimental conditions, and the bottom row (Figures
3.2e-h) indicates the complementary conditions that included a computer-
generated angular velocity perturbation (averaging once every 2 s, see the

Xvii



lightning icons). The first column Figures 3.2a and 3.2e, shows the control
condition of a simulated inverted pendulum, and it’s perturbed
counterpart. The next three columns describe the vertically flipped pole
(Figures 3.2b and 3.2f), the action-mapped pole (Figures 3.2¢ and 3.2g),
and the occluded pole (Figures 3.2d and 3.2h), respectively. In Figure 3.2i,
the pole parameter alteration is shown. Detailed descriptions of these
conditions can be found in the text.

(a) Time series plots of the hand velocity (solid lines) and pole velocity
(dashed lines) showing tight anti-phase coordination. (b)-(c) Plots of
T,q @nd 7,, computed from the same data source as in (a). Note that at
hand velocity extrema, the value of r,, is conserved near r,, = 0 s and
T4 around 7,, = l. Here the participant undershoots and drifts the pole
for the first 5 cycles, then overshoots the vertical for the remaining 2
cycles of pole motion. The classification and investigation of the
stereotypical motions of r,,has revealed that participants use

7, Information to gear hand motions during certain critical pole motions
(see also Table 2.2).

B 75
Classification system based upon two successive cycles of successful
balancing behavior. Here the six different paths that are seen in the
experimental data and their corresponding r,, vs.zcurves (see Figures
2.5a-c) are enumerated. Paths 1-3 represent situations where the
participant successfully avoided a catastrophic fall of the pole from either
instability of the pole (Path 2: a failure to reverse, see Foo et al., 2000), or
from running out of track with which to correct the fall (or perturbation) of
the pole and are of special import during the present correlation analysis
(see Tables 3.1-3.5).

Chapter 4
25 PP SRUT 97

The experimental setup consisting of an inverted pendulum piveting on a
cart with two pull cords affixed to a horizontal linear track. The
convention used is: @ is positive (negative) when the pole is right (left) of
the vertical; M = mass of @ the cart, L = pole length, m = pole mass, F =
force applied by pulling the (right hand) cord at the base; g = acceleration
due to gravity. Strain gauges recorded the horizontal components of each
force applied with the pull cords. Note the apparatus was designed so the

xviii



hands must collaborate to produce the bi-directional motions required for
successful completion of the task.

(a) Representative time series of cart position (x: solid line) and the pole
angle (& dashed line) during successful intermanual balancing. (b) Time
series plots of the cart velocity (x: solid line) and pole angular velocity
(6: dashed line) showing tight antiphase coupling during successful
balancing. (c) Plots of the force exerted by the right (solid line) and left
(dashed line) hands showing the hands alternating their pulling on the cart
so as to produce the resulting pole oscillations. These kinematic data are
essentially identical to data from the interpersonal (Experiment 4)
conditions, and previous unimanual balancing (compare with Figures 2.2
and 2.4), thus only intermanual behavior is shown here.

2 PP USRUUU 107

Distribution of continuous relative phase @ values during successful
intermanual balancing. The mean continuous relative phase for the eight
participants (-147.8 deg) denotes on average, an antiphase coordination
pattern with the right hand leading the left (~180 deg, see also Table 4.4).

Representative time series of the alternation (left column, figures a, ¢) and
co-contraction (right column, figures b, d) balancing strategies and their
corresponding continuous relative phase values. The topmost figures (a, b)
plot the time series of the forces exerted by the right (solid line) and left
(dashed line) hands on the cart, while the bottommost figures (¢, d) show
the commensurate continuous relative phase values. Note that during
alternation, relative phase @ values are centered around 180 deg (c),
whilst in co-contraction the coordination pattern shows a relative phase @
centered around O deg (d).

(a). Demonstration of the alternation strategy used to balance and control
the pole. Here the hand on the left is pulling and the right hand is not.
The net effect on the cart is to move it to the left. This corresponds to an
antiphase coordination pattern (180 deg) between the forces from the
hands, and was observed for the intermanual conditions in Experiments 3
and 4 (see also Tables 4.4 and 4.8). (b). Schematic of two hands using the
co-contraction strategy to balance the pole. Both hands exert simultaneous
tension on the pull cords, although here the right hand is pulling harder,
and the net effect moves the cart to the right. This balancing strategy was

Xix



seen during interpersonal balancing (Experiment 4), and corresponds to an
inphase (0 deg) coordination pattern between the forces from the hands

(see also Table 4.12).

(a) Distribution of continuous relative phase @ values during successful
intermanual balancing. The mean continuous relative phase denotes on
average, an antiphase coordination pattern with the right hand leading the
left (~180 deg, see also Table 4.8). (b) Distribution of continuous relative
phase @ values during successful interpersonal balancing. Here the mean
continuous relative phase describes an inphase coordination pattern (~0
deg, see also Table 4.12).



1.0 Introduction

1.1 Functional Stabilization of Unstable Systems

In the previous several decades, a research paradigm that is known as
coordination dynamics has shown that biological coordination may be govermed by
generic processes of self-organization (see Kelso, 1995, for an extensive review).
Beginning with experiments of biological coordination that employed the model system
of bimanual finger oscillation (see Kelso, 1981, 1984), a strong theoretical base has been
established (Haken, Kelso, & Bunz, 1985; Schoner, Haken, & Kelso, 1986). Using the
concepts of self-organization from Synergetics, this paradigm has successfully
characterized and predicted biological coordination in terms of the dynamical behavior of
attractors and repellors of nonlinear dynamical systems.

These original findings have been generalized to many other experimental
situations (Haken, 1996; Kelso, 1995 for reviews). Quantitative predictions of
coordination dynamics have captured the interactive coupling between participants and
the environment (Kelso, Delcolle, & Schéner, 1990; Kelso, Fuchs, & Jirsa, 1998;
Wimmers, Beek, & van Wieringen, 1992). With minor changes, these same dynamics
have accurately predicted the global coordination observed when individual effectors of a
system are asymmetric (see Treffner & Turvey, 1996). Moreover, social coordination
between persons can also be accounted for in this approach (Amazeen, Schmidt, &

Turvey, 1995; Schmidt, Bienvenu, Fitzpatrick, & Amazeen, 1998; Schmidt, Carello, &



Turvey, 1990). Recently, these concepts and experimental designs have been used to
understand the functioning of the brain (Kelso, 1992). Aided by improvements in
noninvasive functional neuroimaging, coordination dynamics has shown that underlying
neural activity is also self-organized (Fuchs, Kelso, & Haken, 1992; Fuchs, Deecke,
Kelso, 2000; Wallenstein, Kelso, & Bressler, 1995; Fuchs, Deeke, & Kelso, 2000; Kelso,
Bressler, Buchanan, de Guzman, Ding, Fuchs, & Holroyd, 1991; 1992; Mayville,
Bressler, Fuchs, Kelso, 1999).

More recently, we have examined a complimentary set of questions in
coordination dynamics. In addition to investigating self-organized behavior during
episodes of spontaneous pattern switching due to dynamic instability, we have sought to
understand how biological systems stabilize behaviors. Two branches of this approach
have developed. The first aims to discover what the factors are that stabilize stable
coordination patterns during situations that would typically render them unstable. These
factors have come to include learning and intentional processes (Foo & Kelso, 2000;
Kelso, Scholz, & Schoéner, 1988; Lee, Craig, & Grealy, 1999; Zanone & Kelso, 1992,
1997), the recruitment of additional degrees of freedom (Buchanan, & Kelso, 1999; Fink,
Kelso, Jirsa, & de Guzman, 2000), and the use of specific information in the environment
(Fink, Foo, Jirsa, & Kelso, 2000; Jirsa, Fink, Foo, Kelso, 2000). These influences
stabilize coordination states under conditions in which they would otherwise become
unstable (e.g. past critical movement frequencies) and switch. The work presented in this
dissertation represents the other line of investigation, asking, how do biological systems

functionally stabilize an inherently unstable system? Studies of posture have shown that



entraining to an external oscillating perceptual stimulus can help stabilize the postural
system (Jeka, Schéner, Dijkstra, Ribeiro, & Lackner, 1997; Lee & Aronson, 1974;
Thelen, 1990). Note that in these posture and locomotion systems the action system was
observed to entrain to an external stimulus. In Experiments 1, 3 & 4 we investigated
what the characteristics of action-perception coupling revealed when an external
entraining stimulus was not available for the pole balancing system (Foo et al., 2000;
Treffner & Kelso, 1995; 1999).
1.2 Intrinsic Dynamics of Unstable Systems

One task that may serve as a window into this type of emerging coordination is
the stabilization of an inherently unstable system, such as balancing a broomstick on the
end of one’s finger (e.g. Foo, Kelso, & de Guzman, 2000; Treffner & Kelso, 1995). In
contrast to other tasks used in the study of coordination that exhibit the dynamics of an
attractor, or a stable fixed point, here an inverted pendulum shows the characteristics of
an unstable fixed point or a repellor (e.g. Strogatz, 1994). The intrinsic dynamics of a
repellor system dictate that after any infinitesimal deviation from its balance point, the
system will asymptotically move toward a fall of the pendulum. Because of these
intrinsic failure-seeking tendencies, when participants simply react to the motions of the
pole, they inevitably do so (within the range of typical reaction times) too slowly and the
pole falls (see Foo et al., 2000). If participants over-anticipate the pole’s motion, equally
dire consequences result. Moreover, at every point in time, the participant is actually
perturbing the very system he or she is trying to stabilize: the task/environment affects

the participant and vice versa. Thus the task of balancing an inverted pendulum presents



participants with a singularly difficult coordination challenge: a mechanical system that
tends toward destabilization where the human controller must exert a mixed “reaction-
anticipation” active control, and where his or her own motions destabilize the very
system they are trying to stabilize.
1.3 Stabilization of Unstable Systems by Artificial Controllers

The study of stabilization of inherently unstable systems has received much
attention within the domain of control theory. Here, the task of balancing an inverted
pendulum has been used to illustrate basic control concepts as well as to motivate various
control design techniques (see Geva & Sitte, 1993 for a review; Kwakernaak & Sivan,
1972). The inverted pendulum configuration in our experiment is based on the commonly
employed cartpole design of Barto, Sutton, and Anderson (1983). Linear control, in
which the force used to balance the pole F is linear with respect to the pole angle 4 (i.e. F
= k&, k constant), has been widely used to balance an inverted pendulum successfully
when the angle of the pole remains within a small range near vertical (Kwakernaak &
Sivan, 1972). Systems have also been designed that successfully balance the pendulum
by monitoring only the direction of the angle (without magnitude) the so-called “bang-
bang” control (Schaefer, 1965). Artificial neural networks that employ movement data
(such as cart position and pole angle) or images of the cart-pole system in action as
learning templates, have successfully balanced the inverted pendulum (Guez & Selinsky,
1988; Tolat and Widrow, 1988), and have often been claimed to provide possible insights

into how biological systems may accomplish this task.



Importantly, these engineered systems typically exhibit behaviors that are totally
unlike those observed when humans perform this task (Foo et al., 2000), suggesting some
limitations to control-theoretic views, at least with respect to the issue of functional
stabilization in biological systems. Artificial controllers usually develop a uniform
oscillation of the pole around its balance point, with ever decreasing magnitudes that one
may term asymplotic balancing. Also of note, the goal of most of these engineering
approaches is to determine the control force F that is necessary to maintain upright
balance of the pendulum without regard to how these forces are generated. While this is
our focus in Experiments 1 and 2, in Experiments 3 and 4 we are interested in exactly the
opposite, namely how participants successfully coordinate the necessary control forces
that balance the pole.

1.4 Visual Information Used in Functional Stabilization: Experiment and Modeling

In typical situations, humans rely on both haptic and visual information, the latter
being very much affected by the relative motion of the human-pole system. The goal of
Experiments 1 and 2 was to identify the nature of visual information used to balance an
inverted pendulum. While previous research has identified a time-to-fall (r st ) Variable
as having the least variation prior to the onset of hand deceleration (see Treffner & Kelso,

1995). in the first two experiments we examined the role of a perceptual quantity, time-

to-balance (,, ) in functional stabilization. Time-to-balance ( r,, ) is defined as the ratio

of the angle of the pole with the vertical and its instantaneous rate of change:
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When 7, is negative its magnitude is an approximate measure of the time to upright the
pole. Optical variables similar to 7,, have been shown to elicit avoidance, defensive, or

interceptive behaviors in animals and humans (Lee & Reddish, 1981; Schiff, 1965;
Savelsbergh, Whiting, & Bootsma, 1991; Schiff, Caviness, & Gibson, 1962), although
there is some question as to what extent the empirical data support the use of optic-t
versus alternative possibilities (Bootsma, Fayt, Zaal, & Laurent, 1997; Bootsma &
Oudejans, 1993; Savelsbergh, 1995; Tresilian, 1994, 1995;Wann, 1996). In Experiment 1
and 2 we aim to identify biologically relevant perceptual variables, and then formulate a
procedure based on these results for adjusting the parameters of a control system. In a
model analysis, we show how such information may govern the dynamics of perceptual-
action coupling in this task. While this is not exactly a formulation of a control law, it
follows the spirit of Warren (e.g. Warren, 1988; 1998; Warren & Kelso, 1985) in that we
aim to specify how perceptually available information constrains action, and vice-versa.
1.5 Virtual Reality as an Experimental Platform

In Experiment 2 we asked if the information used to balance a real inverted
pendulum was the same as that employed to control a virtual simulation of that
mechanical system. Do participants use different perceptual quantities when the
mechanics of an unstable system are systematically decoupled from the visual
information about that system? When one is forced to map a transformed action onto
visual stimuli, what deviations from the foregoing normal relationships may be seen? If

essential elements of this visual information are withheld from participants, can one still



successfully balance the pole? Do these types of visual information provide robust
support for functional stabilization in the presence of perturbations?

To these ends we employed a virtual computer simulation of the inverted pole
balancing task from Experiment 1. We began with a control condition that simulated a
typical cart-pole system. This control tests if utilizing the presented (visual) information
in the real situation transfers to the simulation. Next we introduced manipulations
designed to: 1) decouple mechanics and visual information of pole motion; 2) alter
mapping of hand action; 3) remove visual information; and 4) introduce a perturbation.
A replication of the correlation analysis of Foo et al. (2000) was employed to confirm and
extend previous findings that showed during critical motions of the pole, the visually
specified time-to-balance was used to gear the corrective actions of the pole. It was
hypothesized that regardless of the conditions, participants would use the same visually
specified “time-to-balance” information (i.e. t balance) to stabilize this inherently
unstable inverted pendulum.

1.6 Intermanual and Interpersonal Stabilization

In Experiments 3 and 4 the goal was to discover how actions are coordinated by
two independent effectors to produce the appropriate forces necessary to stabilize an
unstable system. Here we designed the task so that both effectors must collaborate to
produce the appropriate forces necessary before any successful coordination with the
pole was possible, a criticism of prior interpersonal work (Ingham, Levinger, Graves, &
Packham, 1974; Schmidt et al., 1990). In these experiments we introduced new

conditions into the functional stabilization paradigm: an intermanual and an



interpersonal balancing requirement. In the intermanual condition (Experiment 3 and 4)
participants controlled rwo potentially independent hands to perform functional
stabilization, a coordination task that was markedly more difficult than previous
experiments where the only goal was to produce a required pattern (e.g. the bimanual
drawing task of Preilowski, 1972; and the aforementioned coordination experiments in
Section 1.2). Intermanual coordination was also more difficult than unimanual pendulum
balancing (Foo et al., 2000; Treffner & Kelso, 1995, 1999) where the participant can
move the cart in both directions with a single effector. In Experiment 4 we required pairs
of participants to balance the pendulum (interpersonal balancing) in addition to
intermanual balancing. During interpersonal coordination each participant was required
to develop coupling with the environment and with another person for success.
1.7 Organization of This Dissertation

In the first of four experiments we have used the model task of inverted pendulum
balancing to determine what visual information is used to perform functional
stabilization, and to use the aforementioned empirical results to develop a model of
stabilization that more accurately reflects the behavior of biological systems. In
Experiment 2 we asked whether the same visual information is used when stabilizing a
virtual simulation of pole balancing, introducing drastic manipulations and perturbations
designed to test the generalizability of the results of Experiment 1. In Experiments 3 and
4, we utilized the pole balancing paradigm to examine the nature of bimanual
coordination when performing functional stabilization, a heretofore under-investigated

line of research. Here we compared the behavior seen when the two separate hands of an



individual or two individuals of a social system must cooperate to succeed at the task, and
showed that participants generated coordination patterns that may be used to recruit
additional afferent and efferent information (e.g. haptic) to stabilize an unstable system.
Thus our research program was threefold: to understand which perceptual information is
used in functional stabilization and to model these findings; to examine how action and
perception are coupled in this paradigm, and to characterize the coordination of

appropriate actions in successful stabilization.



2.0 Functional Stabilization of Unstable Fixed Points:
Human Pole Balancing Using Time-to-Balance Information

2.1 Experiment 1: Introduction

Biologically significant activities such as the maintenance of posture (e.g. Jeka &
Lackner, 1994, 1995), the development of posture and locomotion (e.g. Lee & Aronson,
1974; Thelen, 1990), and the learning of new motor skills (Zanone & Kelso, 1992, 1997),
may be viewed as involving active stabilization of inherently unstable fixed points of a
dynamical system. In each of these cases, participants use relevant perceptual
information to stabilize an unstable system. In quiet standing posture, light fingertip
contact with a touch bar that is too weak to provide physical support can reduce the mean
sway amplitude, or entrain the motion of the body if the touch bar oscillates (Jeka &
Lackner, 1994, 1995; Jeka et al., 1997). In the moving room paradigm, postural
compensations to changes in optical flow (stemming from the motion of the room) can be
demonstrated across a range of ages and motor developmental stages (Bertenthal & Bai,
1989; Bertenthal, Rose, & Bai, 1997; Lee & Aronson, 1974). Information about the
relative phase between rhythmically moving limbs may be used to stabilize previously
unstable, to-be-learned patterns of coordination (Zanone & Kelso, 1992, 1997). The
present work explores functional stabilization through the model task of humans

balancing an inverted pendulum along a linear track (Treffner & Kelso, 1995; 1997;
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1999). Note that unlike the foregoing posture and locomotion paradigms where a sensory
modality drives or entrains an action system, in pole balancing the system perturbs itself:
at each instant the participants’ own actions directly influence the perceptual information
that guides action. To date, detailed kinematic studies of human pole balancing have been
largely absent (see however, Treffner & Kelso, 1995), although a similar balancing task
has been used as an interference task during studies of hemispheric cerebral function (see
Kinsbourne & Hicks, 1978).

The study of stabilization of inherently unstable systems has received much
attention within the domain of control theory. Here, the textbook example of balancing an
inverted pendulum has played a key role in elucidating basic control concepts as well as
motivating various control design techniques (see e.g. Kwakernaak & Sivan, 1972). The
inverted pendulum configuration in our experiment (see Figure 2.1a) is based on the
often-used cart and pole design by Barto et al. (1983). As in most theoretical
considerations, we focus on the nature of the control force F and bypass the details of its
delivery. Linear control, in which F is a linear function of the state space variables has
been widely used to balance an inverted pendulum successfully (see Geva & Sitte, 1993
for a review). Here state-space variables are defined as those quantities such as positions
and velocities used to describe the state of the system. We distinguish these from
parameters, those quantities that are externally determined and typically used to specify
the overall strength of the control signal given the form of F. For example, if the force F
is linear with respect to the pole angle (F = k¢), then k is a parameter while @ is a state-

space variable. By linearizing the equations for the motion of the cartpole system, it is
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possible to extract the parameter range that results in successful balancing in the region of
small pole angles.

Neuromorphic linear controllers whose parameters (sometimes also called weights
in the neural network literature) are determined using artificial neural networks provide
not only effective solutions but also possible insights into how biological systems may
accomplish the balancing task (e.g. Anderson, 1989). Using actual movement data (the
state space variables) from balancing experiments, neural network controllers can learn
how to mimic humans accurately (Guez & Selinsky, 1988). Along the same line but using
time varying digitized images of the cart-pole system instead as inputs, Tolat and Widrow
(1988) constructed a pattern recognizing system that mastered the balancing task well
enough to keep the pole from falling.

A central problem in neural network design in which no teacher is available
(unsupervised learning) is how to adjust future control actions based on the outcome of a
sequence of actions. This is known as the credit assignment problem and is usually
addressed by imposing a suitable constraint such as maximizing the balance time or
minimizing excursions from the vertical. As noted emphatically by Geva and Sitte
(1993), a random search in parameter space can produce outcomes that in many respects
are not significantly different from those resulting from a more systematic search. In the
present paper, we explore the idea that in addition to the kinematic variables (e.g. hand
position and velocity), human controllers also use direct perceptual information to solve

the balancing task. Clearly, a key question is which perceptual variables the human

controller employs.



In typical situations, humans rely on both haptic and visual information, the latter
being very much affected by the relative motion of the human-pole system. This paper

examines the role of a perceptual quantity, time to balance (r,, ), defined as the ratio of
the angle of the pole with the vertical (¢in Figure 2.1) to its rate of change:

@.n

That = r
When r,, is negative its magnitude is an approximate measure of the time to upright the
pole. Only in the case when the angular velocity is constant is r,, the actual time to

upright. In the present work, we show that participants are more attuned to the temporal

behavior of the pole and produce more consistent values of r,, and #,, when there is a

potential for failure compared to when the pole is near balanced conditions. These
suggest that participants are using available r,, information, especially near critical
conditions. During typical (non-critical) motions of successful performance, wider
variation in these quantities is observed, suggesting that participants may not be attending
to this type of perceptual information. In a model analysis, we show how such
information may govern the dynamics of perceptual-action coupling in this task.

The main goals of the present research are to identify biologically relevant
perceptual variables in successful balancing and the nature of the perception-action
coupling that supports functional stabilization. Once these variables are identified
experimentally, we may then formulate a procedure for adjusting the parameters of the

control system. While this is not exactly a formulation of a control law, it follows the



spirit of Warren (e.g. Warren, 1988; 1998) in that we aim to specify how perceptually
available information constrains action, and vice-versa.
2.2 Method

2.2.1 Participants

Thirty-six right-handed students between the ages 17-30, served as participants
(n=18 males; n=18 females). All participants completed an informed consent form prior
to data collection and received course credit for participating. All participants were
treated in accordance with the ethical standards of the APA.

2.2.2 Apparatus

The apparatus consisted of a pole configuration attached via a metal bearing to a
cart (mass = 388.0 g) such that the pole only pivoted in the XY- plane (Figure 2.1). The
cart was constrained to slide along a 180 cm linear track, oriented parallel to the X-axis.
The track rested securely on a table approximately waist-level height for adult
participants (92 cm). Three different poles of varying length, mass and configuration
(one straight pole, two L-shaped poles) were used. The L-poles were designed so that the
center of mass did not coincide with any portion of the pole: here the simplistic strategy
of aligning the pole with vertical (which stabilizes the straight pole) was ineffective.

In the straight pole condition (Figure 2.1a), the pole was made from a single
aluminum dowel (length = 108.0 cm, diameter = 1.0 cm, mass = 207.4 g, and moment of
inertia / = 0.07 kg/m?). In the L-pole conditions, the configurations had identical
appearances but different material compositions, moments of inertia, total masses, and

balance points. The steel L-pole (Figure 2.1b) had the same moment of inertia as the
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Figure 2.1a-c. The experimental setup consisting of a pole configuration, a cart, and a
horizontal linear track. (a) Straight pole configuration and the relevant physical
parameters and variables used in the analysis. The convention used is: 8 is positive
(negative) when the pole is right (left) of the vertical; M = mass of the cart, L = pole
length, m = pole mass, F = force applied by the hand to the base; g = acceleration due to
gravity; (b) Steel L-pole configuration shown at its balance point (the base rod inclined
11.4 degrees from the vertical). (c) Wood L-pole configuration at its balance point (the
base rod inclined 4 degrees from the vertical). For the L-poles, the angles were adjusted
by subtracting the appropriate balance point value.



straight pole (/=0.07 kg/m?) but a greater total mass (279.0 g). This pole was constructed
by attaching a steel rod (length=29.4 cm, mass = 163.8 g) perpendicular to and on top of
an aluminum rod (length = 60.0 cm, mass = 115.2 g) acting as the base. The 90-degree
bend extended to either the left or right side of the participant. When this pole was
balanced so that the center of mass lay directly on top of the pivot point, the base
aluminum rod was displaced approximately 11.4 degrees from vertical. The wood L-pole
(Figure 2.1c) was constructed similarly, but with the steel portion replaced by a 15.9g
wooden rod of the same length. The total mass and moment of inertia of the wood L-pole
configuration were 131.1 g and 0.02 kg/mz, respectively. When balanced, the base
aluminum rod was displaced approximately 4.0 degrees from vertical. For the three pole
systems, the surfaces of the rods were covered to mask their textures and material
compositions.

To monitor movements of the hand and pole, five infrared-emitting diodes
(IREDs) were affixed to strategic locations. IREDs #1 and #2 were attached to the base
of the track and the adjoining line defined the horizontal reference. IRED #3, placed on
the pivot point of the cart was used to monitor the hand displacements that were restricted
to horizontal movements. IREDs #4 and #5 were piaced on the pole in such a way as to
permit measurement of its angular orientation (in either the straight or L-shape
conditions). Signals from the five IREDs were sampled at 100 Hz using an OPTOTRAK
3010 system, and later filtered with a low-pass (set at 8 Hz) second order Butterworth
filter. The basic kinematic data thus consisted of horizontal hand position (X) and the

angle (6) from the pole’s balance point.
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2.2.3 Procedure

The task was to balance the pole by moving the cart with the right hand along the
linear track (the X-axis). Haptic information from the cart, but not directly from the pole
itself was thus available to the participant. The goal was to balance the pole for 30
seconds without allowing it to fall and make contact with the track. Failure to complete
30 continuous seconds of balancing constituted an unsuccessful trial. Obviously,
participants received visual feedback about success or failure of their performance on
each trial. Each participant performed blocks of ten experimental trials followed by a one-
minute rest period. Moreover, during the rest period participants were given Knowledge
of Results in the form of total time of balance for each trial in the previous block. In
addition to inter-block rests, participants were provided S-minute rest periods at trials 40

and 70.

2.2.4 Design

Participants were placed via matched (by sex) random assignment into one of six
experimental groups (n = 6 for each group; n = 3 males, n = 3 females), and asked to
perform all three testing sessions (acquisition, transfer, and retention; see Table 2.1) until
they could reach a performance criterion. Participants were required to perform a given
balancing task until they could complete 3 successful attempts out of 5 consecutive,
successful trials for each of the three testing sessions.

Each group was assigned a criterion task during the acquisition session that was to
successfully balance one of the three pole configurations: straight, L-steel, and L-wood.

Upon completing the acquisition session, the participant attempted the transfer task,
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which was to balance a different pole. One week later, the participant was asked to

balance the original pole in a retention test.

Table 2.1: Experiment Design
Day 1: Acquisition Day 1: Transfer  Day 8: Retention

Group Number Session 1 Session 2 Session 3

1 Straight Pole L-Steel Pole Straight Pole
2 Straight Pole L-Wood Pole Straight Pole
3 L-Steel Pole Straight Pole L-Steel Pole
4 L-Steel Pole L-Wood Pole L-Steel Pole
5 L-Wood Pole Straight Pole L-Wood Pole
6 L-Wood Pole L-Steel Pole L-Wood Pole

2.2.5 Data Analysis
If a participant did not successfully balance the first pole after 99 trials, and also

did not successfully complete the transfer task after 50 trials, he/she was rejected and
their data excluded from the final data analysis. For each participant who reached
criterion, the number of trials executed to meet the criterion level of performance (Nc)
was noted.

For the kinematic analysis that follows, all trials showing continuous pole
balancing lasting longer than 3 seconds were included in the final data set. This set

included 339 trials meeting the original 30-second criterion as well as 1,935 additional
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trials. For each trial, all cycles of contiguous balancing were included except the last
cycle that preceded a failure. Each cycle was defined as one half-period of the continuous
hand velocity time series. Thus 76,637 cycles of 2,274 individual trials were included in
the analysis of continuous balancing. Note that even for unsuccessful trials, successful
cycles of balancing were included in our analysis.

2.3 Results and Discussion

2.3.1 Learning Results

Did participants significantly improve their balancing performance by the end of
the experiment for any of the poles? A mixed 6 (groups) X 3 (testing sessions) ANOV