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State-dependent, or parametric, noise is an essential component of the neural control mechanism for
stick balancing at the fingertip. High-speed motion analysis in three dimensions demonstrates that
the controlling movements made by the fingertip during stick balancing can be describedwy a Le
flight. The Levy index, a, is approximately 0.9; a value close to optimal for a random search. With
increased skill, the index does not change. However, the tails of thesy @listribution become
broader. These observations suggest aylfight that is truncated by the properties of the nervous

and musculoskeletal system; the truncation decreasing as skill level increases. Measurements of the
cross-correlation between the position of the tip of the stick and the fingertip demonstrate that the
role of closed-loop feedback changes with increased skill. Moreover, estimation of the neural
latencies for stick balancing show that for a given stick length, the latency increases with skill level.

It is suggested that the neural control for stick balancing involves a mechanism in which brief
intervals of consciously generated, corrective movements alternate with longer intervals of
prediction-free control. With learning the truncation of thesyélight becomes better optimized for
balance control and hence the time between successive conscious corrections increases. These
observations provide the first evidence that changes in ay lfight may have functional
significance for the nervous system. This work has implications for the control of balancing
problems ranging from falling in the elderly to the design of two-legged robots and earthquake proof
buildings. © 2004 American Institute of Physic§DOI: 10.1063/1.1785453

The effects of state-dependent, i.e., parametric, noise are
well recognized in the dynamics of physica® and
economic® systems. Less attention has been given to the
fact that in the nervous system, the effects of noise are
often state-dependent. For example, membrane noise re-
flects fluctuations in conductance and, hence, its effect on
current (proportional to the product of conductance and
driving potential) is state-dependent. Parametric noise
underlies the spontaneous fluctuations in pupil siZ&*2
and plays important roles in motor'*-'6 and balance’~*°
control. Stochastic forcing of an important control pa-
rameter across a stability boundary produces a type of
bursting behavior known as on-off intermittency, 2%-22
i.e., periods of low amplitude fluctuations alternate with
shorter intervals of higher amplitude fluctuations
(“bursts” ). Previously we demonstrated that or-off in-
termittency can be observed in stick balancing at the
fingertip.'” Here we demonstrate that another nonlinear
phenomenon also arises in stick balancing, namely the
changes in speed made by the fingertip exhibit a special
type of random walk, referred to as a Levy flight, of the
type known to be optimal for performing random
searches’>2% Although the hope has been that the detec-
tion of these phenomena will lead to the discovery of uni-
versal laws for the control of complex systems, as yet
there has been no evidence to argue against the possibil-
ity that these statistical properties are merely
epi-phenomena’’?® Here we address this question by in-
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vestigating the changes in the statistical properties of the
controlling movements as a subject becomes more skilled
in the task of stick balancing. In this way we obtain the
first evidence to suggest changes in a \g flight may
have functional significance.

I. INTRODUCTION

The performance of a learned, highly skilled movement
is traditionally regarded to be the outcome of a highly or-
chestrated activation pattern of motor and premotor neurons
in which the properties of the peripheral musculoskeletal
system play little role. A central concept is that of stability,
i.e., the tendency to return to an original position after some
perturbation has pushed the system away from it: postural
control involves the stabilization of the upright position, gait
the stabilization of periodic, or limit cycle, patterns of move-
ment, and so oite.g., Ref. 29

Recent observations challenge this orderly picture of
motor control. The regulation of movement and balance is
not entirely under neural contrdi.Intrinsic properties of the
musculoskeletal system are essential for the stabilization of
rapid (“ballistic’) movements in both hexapodal
invertebrate¥ and bipedal vertebratéé>® State-dependent
noise, i.e., noise whose effects depend on the state of the
system, is of fundamental importance for the excitation of
motoneurons? goal-directed arm movemenis,bimanual
coordinationt® and balance contrdf~'°Finally, neural con-
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trol is not necessarily optimized for the stabilization of equi-dowels with different materials: 39 cm(aluminum,
libria and limit cycles, but can be critically tuned near, or 2.504 g/c), 62 cm (Garolite, Grade G-11, 1.751 g/ém
perhaps on, the boundaries that demarcate different dynamihe use of light, short sticks accentuates the requirement for
cal behaviorg/34-40.42 continuous visual feedback control by the nervous system
Important insights into motor control have been obtainedand minimizes the role of proprioceptive inputs.
from studies of stick balancin~° This visuomotor task Reflective markers were attached to each end of the stick
cannot be performed using memorized movement patternss described previously. The total mass of the reflective
but requires continuous closed-loop conftbThe fluctua- markers was<0.5 g. Two specialized motion-capture cam-
tions in the controlled variablévertical displacement angle eras detected infrared light reflected from these markers. The
are intermittent, i.e., intervals of large amplitude alternateémage projected onto the CCD of each camera determines
with intervals of smaller amplitude fluctuations. Parametrictwo of the spatial coordinates: The third coordinate is deter-
noise is introduced into this balancing task since the fingermined by using triangulation techniques involving both cam-
tip, i.e., the pivot point for the inverted pendulum, moves ineras. The marker closest to the finger was used to measure
a complicated mannéf:** The probability that the time in- the movements of the fingertip during stick balancing. Two
terval, 6t, between successive corrective movements, i.edifferent motion capture camera systems were used:
those that decrease the vertical displacement angle, is equRtoReflex-240 and ProReflex-100@ualisys, Inc. The
to 6t, P(8t), exhibits a— 3/2-power law’ i.e., sampling frequency of each camera could be adjusted down-
P(8t)o ot~ 32 (1) vyards from their maximum sgmpling frgquencies of, respec-
tively, 240 and 1000 Hz. Spatial resolution was, respectively,
The observation of a 3/2-power law implies that an essen- 1/30 000 and 1/70 000 of field of view. Under our experimen-
tial feature of the control involves stochastic or chaotic forc-tal conditions this translates to a spatial resolution of, respec-
ing of a control parameter, such as the gain, across the stévely, 50 and 4um.
bility boundary*”?°?2|t has been shown that this state-  The characteristics of the power spectra of the fluctua-
dependent noise mechanism enables balance control to liens in the vertical displacement angle have been presented
maintained on time scales shorter than the neural latency fasisewheré’“° For all six subjects, the statistical properties
corrective movements. for stick balancing indicated the presence of on—off intermit-
The concept of a random walk has provided importantency. The power laws we describe here are not observed
insights into the nature of the control of human balance, invhen the eyes are closed and the arm is moved to mimic
particular postural contrdf*’ Here we show that during stick balancing”
stick balancing the movements of the fingertip exhibit a spe-  The movements of the fingertip during stick balancing
cial kind of random walk referred to as a\eflight (for  contain two contributiongFig. 1): (1) Relatively slow trans-
useful reviews, see Refs. 23-26)48 Levy flight is a ran-  lations of the pivot point for the inverted pendulum; a2
dom walk in which the probabilityP(s), of a step of length, small amplitude “corrective” movements. These kinematic
s, is P(s)~s™ “. Here we demonstrate that the controlling features correspond, respectively, to the “rambling” and
movements for stick balancing at the fingertip are well de-“trembling” movements of the center of pressure recorded
scribed by a Ley flight. With a few days practice, individu- during human postural swaf>*
als can become much more skilled in the task of stick bal- Our focus concerns the nature of the fast corrective
ancing at the fingertip. We take advantage of this effect olnovements. The time interval between successive corrective
practice to study how the properties of thevieflight — movements in both stick balanciigand postural sway are
change when skill level changes. In this way we obtain theypically much shorter than the latency of the involved neu-
first evidence to suggest thaf e flights can be tuned in ral reflexes. We interpreted these movements in terms of a

order to optimize performance. random walk. The step size per unit time is equal to the
speedV. The change in speed)V, provides an estimate of
Il. EXPERIMENTAL METHODS how fast the hand can respond to changes in stick position

Six subjects were healthy volunteers, ages 18—-52. Thesaeg:jiesi?&sezquivalent to a high pass filtering of the time

experiments were performed according to the principles o : . . N .
the Declaration of Helsinki and informed consent was ob- B_nefly, the Chf”‘”ge inposition of the markexr(t), in
tained. The experimental protocol was approved by The unione time stepAt, is
versity of Chicago Hospital institutional review board. AF(D)=F(t+At)—F (1),
A. Stick balancing ) o ) o
where the notation denotes the position vect@nset in Fig.
Stick balancing was performed while the subject wasy) Al vectors were measured from a common reference

seated comfortably in a chair. The subject was required tQint provided by the Qualisys measurement system. The

person balances a stick at the fingertip under these condi-

tions, the wrist and fingers are held rigid and the movements AT (t)
occur at the elbow and shouldgSticks were dowels having - ‘ At
a diameter of 6.35 mm and a length of 39 and 62 cm. The

mass of the sticks was kept constant at 35 g by constructinghere the notatiol.| denotes the norm. Hence
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FIG. 2. Probability distributions of the change in speed of hand movements
FIG. 1. Two-dimensional representation of the path traveled by the fingertiuring stick balancing are not Gaussian-distributeyiChange in the speed
during stick balancing. The digitization timestejt, was 1 ms. Inset gives  of hand movementsAV, as a function of time while a subject balances a
the definition of the position vectors, used for the calculation afV (see stick at their fingertigbottom reflective markérThe digitization step was 1
Experimental Methods During 1 ms the values oV range from 0.3 t0 5 ms. (b) and(c) show the probability distributionP(AV,At), for two less
mm/s; the majority of the values were between 1 and 4 mm/s. Movements igkilled (LS) subjects balancing a 62 cm stick. The changesVhhave been
the anterior—posterior direction are shown on yhexis; side to side move- normalized to the standard deviatian,to facilitate comparison of the data
ments on thex axis. to a Gaussian distributiofdashed line; calculated for the lower sampling
frequency. The bin size was 6. Data are shown for two sampling frequen-
cies: 60 Hz At~16.7 ms,®) and 120 Hz At~8.3 ms,O). The data were
AV(t)=V(t+At)—V(t), ppolgd from repeated trial_s on the same day and the plots show mean dis-
tributions for the pooled trials.

where V(t+At)=||F(t+At)/At|. It should be noted that

AV is not equal to the acceleration. Using standard error

propagation techniques we estimated that the error in the

determination of AV calculated in this manner for data (At=0.001 s) and then decimated this time series to obtain

sampled at 1000 Hz was 2% 10" 3 m/s. P(0,At) as a function ofAt. Previous studies have sug-
) gested that~10°—10° data points are required to reliably
B. Levy flights distinguish Ley distributions witha<1.2 from a Gaussian

distribution (@=2).>* In all cases we used-5x10° data
points to estimater. Since the data set is finite and is influ-
enced by measurement noige(0,At) depends on the bin

size. The procedure described in Fig. 3 selects the optimum
bin size that best filters out the effects of measurement noise.

We characterized the changesAW in terms of a Ley
flight (see also legends for Figs. 2 and & Lévy flight is a
random walk in which the length of each step per unit time,
At, is taken from the power law distribution

P(|AV|>s,At)~s™ ¢,

where « is the Leavy index. The probability density
P(AV,At) converges after many steps to théviestable _ o
distribution with indexa, namely C. Skill acquisition
1 (o The skill level was measured by determining the per-
L (AV,At)= —f expl— yAtq®)coggAV)dq, (2 centage of trials (typicalbg 25) that the stick remained bal-
mJo anced for at least 20 s. All subjects practiced stick balancing
wherey is the scaling factot> >’ A feature of this distribu- for less than two hours before initial data were collected.

tion is that for asymptotically largAV there is a power law Three subjects were excluded because they were able to bal-

decay of its density with expone®=a + 1. ance only a few trials for the 39 and 62 cm sticks longer than
The exponentr was determined experimentally from the 20 s. We did not study these subjects further since the task of
relationship collecting sufficient data to test for kg phenomena would

P(OAL)xAL—® 3) have been too tedioysee above The data presented in this

K ' study are from the remaining three subjdgisesented sepa-
whereP(0,At) is the probability of return, i.e., the probabil- rately in Figs. 2b), 2(c), and 3. These subjects practiced
ity when the change in speed is z&Pd\e sampled the po- stick balancing over longer periods to increase balancing
sition of the lower marker on the balanced stick at 1000 Hzskill.
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FIG. 3. (Color) Determination ofP(AV,At) for two different stick lengths(1) 39 cm stick(top row); (2) 62 cm stick(bottom row. Left hand column shows
the distribution ofAV for At=0.001s to 1 s. The middle column shows a plotR{D,At) versusAt. Since the data sets are finite the valuePgD,At)
depends on the bin size. The choice of bin size also affects the apparent noise level. The error barsAfoskashthe maximum and minimum estimates
of P(0,At) as the bin size is changed from 0.0008 to 0.08 m/s. For all subjects we found that the bin size-related vafgtight)nwas smallest wheAt
was between 0.01 and 0.1 s. Therefore, we used the value@aqit) for this range ofAt to estimatex. The right hand column shows the rescalR(d\ V)
(see text for discussignEach color in the left and right hand panels represents a different windowed data set.

IIl. RESULTS AV
AV= ——7.
Figure 2a) shows the movements of the fingertipwer (At)te

stick reflectoy during_stick_balancing. If the finge_rtip simply The red line in Fig. right hand panelsis the theoret-
moved along a straight line at constant velocity, the .o | &y distribution for «=0.9 and scale factoy=0.02.

:IO. Clearl3|/ the .movementsf O:] thehflngertlp are moreé CoM-ajthough the fit of the Ley distribution is good in the cen-
plex (sge also Fig. 1 Most of t € changes AV are quite 5 part of the distribution, it obviously does not well de-
small, i.e., less than-0.5 m/s[Fig. 2a)]. HO\./vever,. larger  seripe the tails of the distribution. We interpreted this dis-
changes(some .greater than: 1 m/s) occur '|nte'rm|ttently. crepancy as reflecting the effects of truncafisre’

The changes in the shape of the dls'trll.)utlon &V, Truncation accounts for the fact thatv is limited by both
P(AV,At), when the sampling frequency is increased fromy,q piomechanical properties of the musculoskeletal system

60 to 120 Hz[Figs. 4b) and 2c)] suggest thallV is not 5 the effects of time-delayed feedback mechanisms. Thus
Gaussian distributett™" When AV is normalized by the we have

standard deviationg, P(AV,At) for a Gaussian-distributed

variable (shown as dashed line in figurethe distribution CiL (AV,ADF(AV) if [AV[>TI

falls abruptly and reaches zero at three times the standard P(AV.AD)= c,L(AV,At) otherwise, (4)

deviation, i.e., at-3—-4 in Fig. 2. L i
where c;, ¢, are normalization constants. The truncation

A. AVis Lévy distributed function, f(AV), is typically a decreasing function afV

Stochastic processes involving parametric noise are fre2nd the truncation threshol, is the critical value oAV at
quently associated with power law distributions that havevhich the distribution begins to deviate from,(AV,At).
exponents typical for Ley flights and Ley distributions®”8 ~ Both f(AV) andIl may also depend oAt. This equation is
Figure 3 shows that for two different stick lengths, 39 cmconsistent with current theories for the neural control of bal-
(top row) and 62 cm(bottom row the fluctuations inAV ance that emphasize a roI%Bfor both open-loop and closed-
measured for a subject skilled in stick balancing are deloop feedback mechanisrfi:
scribed by a Ley distribution. The slope of the log—log plot _ o
of P(0,At) versusAt is linear for three decades and yields B- SKill acquisition
a~0.9 (we estimate a maximum uncertainty ©0.05). The Stick balancing skill steadily increases with practice.
panels on the right hand side of Fig. 3 verify that for this Figure 4 shows the effect of skill acquisition ®(AV,At)
value of the Ley index, P(AV,At) rescales under the for a single individual. This individual practiced stick bal-

transformatior? ancing for a total of 14 h over a 10-day period. Prior to this
_ P(AV,AY) intensive period of practice this subject was able to balance
P(AV)= ApTa 0% of trials using a 39 cm stick longer than 20 s and 45% of
trials using a 62 cm stickreferred to herein as lower skill
where (LS)]; after practice, 33% and 100% of trials, respectively
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FIG. 4. Changes in the probability distributidd(AV,At), as a function of ~ FIG. 5. Cross-correlation€(7), between the movements of the tip of the
expertise in stick balancing. The probability distributions were measured irftick and the position of the fingertip change with skill leva).39 cm stick;
the same subject at two different skill levélsS (@) and HS(O)]: (@) 39 cm (D) 62 cm stick. The dominant peak @(7) indicates that for the 39 cm
stick; (b) 62 cm stick. The sampling frequency was 1000 Kz 1 ms) stick the response time increases freall0 to ~200 ms as skill level
and the bin size was 6 mm/s. The data was pooled from repeated trials oncreases and for the 62 cm stick from80 to ~150 ms. Subject is the
the same day and the plots show mean distributions for the pooled trialssame as in Fig. 4.

Total times of stick balancing were, respectively, for LS and HS, 39637

s, 510 3, 62 cm(954 s, 767 &

C. Truncating mechanisms

It is well known that the importance of closed-loop feed-
back mechanisms decreases with increased motorP3kidt
[referred to herein as higher skilHS)]. As can be seen f(AV) be an exponentially decreasing function®¥ with
P(AV,At) dramatically changes with skill level. In particu- decay constant, i.e., f(AV)~exp(—k|AV|). Then the ob-
lar, P(AV,At) has a more pronounced tail for HS than LS. served increase in the tails fét(AV,At) with skill level
Thus increased skill is not simply because the nervous sysequires thak decreases, i.e., the role of closed-loop feed-
tem is better able to anticipate the movements of the balback decrease¥.In order to evaluate the possibility that the
anced stick: Better anticipation would be expected to derole of closed-loop feedback decreases with stick balancing
crease the need for highaAw. skill, we computed the cross-correlaticd(7), between the
The values ofa,y did not change with the development position of the tip of the balanced stick at tinie and the
of expertise in stick balancing. However, there was a slightorrective movement made by the hand at titpe i.e., 7
change inll: for 39 cm stickIl was 0.26 and 0.41, respec- =t,—t,. The magnitude o€(7) provides a measure of the
tively, for LS and HS; 0.26 and 0.40 for the 62 cm stick. importance of closed-loop feedback and the shift of the peak
These observations are in contrast to those observed in othigr C(7) from 7=0 gives an estimate of the response time for
physiological systems, e.g., the effects of disease on heapalance control.

rate variability, in which the shape of the e distribution Figure 5 show<(7) as a function of skill level. Since
remains constant and the power law changes as a result tife dominant peak dE(7) occurs forr>0, corrective move-
changes in neural activify. ments in the fingertip occur in response to displacements in

The simplest model to explain the skill-related changeshe tip of the stick. There are two differences@{r) be-
in P(AV,At) is that they are related to changes in trunca-tween LS and HS(1) The height of the dominant peak in
tion. The reason that and y do not change is because theseC(7) is smaller for the higher skill level; an(®) the dis-
parameters were determined by the central paR(dfV,At) placement of the dominant peak &(7) from 7=0 is
and this is not affected by the truncation. greater for HS. The fact th&t( 7) is different at the two skKill
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levels supports our contention that the changd®(iAV,At) arise naturally in the context of the first passage time from an
reflect changes in the role of closed-loop feedback in sticknterval with absorbing boundariés.
balancing. We have argued that the various power laws observed in
The latencies of neural feedback control mechanisms fostick balancing arise as effects of parametric noise. Indeed
stick balancing can be estimated from the rightward shift inthe combination of intermittency, \vg flights, and Ley dis-
C(7) from C(0). In theuntrained individual the dominant tributions, has only been reported for certain types of sto-
peak inC(7) suggests that the time delay is of the order ofchastic dynamical systems with parametric ndidéese ef-
80-110 mgsee legend to Fig.)5Although estimation of the fects of noise approximate the stochastic nature of the
time delay from measurements G{ 7) is known to be prob- complex neural control systems involved in the regulation of
lematic it is of interest that these estimates are consistenhovement and balance. Recently3/2 power laws have
with the critical delay,r,, determined for the stability of an been reported for the formation of avalanch@orest
inverted pendulum with time-delayed feedbdtkhe criti-  fires”) in feedforward-type neuronal networks In some
cal delay gives the maximum value of the delay for whichof these models, e.§’ the probability of neural firing de-
stable stick balancing is possible in the absence of noisgyends on the state of the neurons and hence can be consid-
Measurements of the proficiency of stick balancing as ared to represent a state dependent perturbation. Thus it is
function of stick length indicate that there is an abrupt im-possible that connections can be drawn between these phe-
provement in balancing skill once stick length exceeds 30 chhomena and our observations on the effects of parametric
again suggesting thatis of the order of 100 ms. In motor noise on stick balancing.
control, time delays range from 50 to 100 ms for the regula-  Qur observations imply that the g flight (distribution
tion of muscle forc&~*and 77-230 ms for other manual that describes the controlling movements made by the finger-
tracking tasks in two dimensioris. tip during stick balancing is truncated and that this truncation
The rightward shift of the peak i€(7) with increased changes as expertise in this balancing task increases. Exper-
skill suggests that the response time is increased at the highgée in stick balancing improves as the nervous system is able
skill level. A longer response time for HS was also foundto make biggetfaste) changes in speed, i.e., the distribution
when the time delay was estimated USing a delayEd randorln(AV,At) deve|0ps |Onger tails. C|Osed-|00(5ensory
walk algorithm® This increase in response time is surprisingfeedback mechanisms provide one plausible mechanism
since for a given skill level a longer time delay is expectedyhereby the truncation of the kg flight could be adjusted
from Fitt's law®® to have a detrimental effect on the trade-off or tuned. This possibility, described by Ed), is consistent
between movement speed and accufédyowever, a ben- ith suggestions that skilled movement pattemns emerge
eficial effect of delay on haptic spatial matching tasks hagrom an interaction between neural dynamics and muscu-
been reportedf? An alternative explanation is presented in joskeletal propertie¥’°Time delays have important effects
the Discussion. on the properties of truncated \e processes even in the
case that the autocorrelation function is z&ro.
A tunable mechanism for balance control provides a
IV. DISCUSSION simple explanation for the wide diversity in stick balancing
skill between individual¢gsee METHODS. Variations in the
Previous studies have suggested that there is an elemegffectiveness of closed-loop feedback mechanigeitected
of predictive control in human stick balancing at the by, for example,f(AV,At)] and physical limitations im-
fingertip*® However, the fact that survival statistics for stick posed by differences in the musculoskeletal sydtesfiected
balancing can be reproduced by a stochastic delay equatidoy, for exampleIT1(At)] limit the extent to which the Ley
having only an unstable fixed poffitraises the possibility distributed variable can be optimally tuned. This, in turn,
that the control is, at least in part, nonpredictive. This sugieads to variations in the time that a stick can be, on average,
gestion is supported by the observation that the controllindalanced.
movements made by the fingertip can be described byg Le Our observation that the changes in speed for hand
flight with «~0.9 and indicates that these movements havenovements during stick balancing are described by a trun-
the characteristics of superdiffusiéhLévy flights with «  cated Ley distribution [Eq. (4)] is consistent with current
~1 (equivalentlyB~2) have been shown to be optimal for theories for the neural control of balance that emphasize a
random search patteffs2®and have been detected in a va-role for both open-loop and closed-loop feedback
riety of search tasks including animal foraging strategies mechanismé%°8 Open-loop control predominates for small
and human eye movements during readih@his observa- displacements with closed-loop control becoming operative
tion strongly suggests that the nervous system is not capabtence the displacement exceeds a certain threshold. Similarly
of predicting the movements of the balanced stick, but dein engineering contexts hybrid techniques are often em-
velops a foraging strategy. ployed to improve the survival of attractors having a finite
An inverted pendulum can be stabilized by time-delayedbasin of attractiod? A safety net is built such that if a dis-
feedback’*! However, we believe that the critical issue is turbance moves the system outside the basin of attraction,
not to identify the nature of the resultant attractor, but rathethen it can be guided back by the application of a different
to understand why the stick eventually faifsThus the criti-  control strategy.
cal questions are related to the first-passage times taken for a Current neurophysiological theories for the development
trajectory to escape from the basin of attractiorvy #lights  of expertise by the nervous system stress interplay between
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