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When Is Behavioral Data
Evidence for a Control Theory?
Tau-Coupling Revisited

Anne-Marie Brouwer, Eli Brenner, and Jeroen B.J. Smeets

Before an aspect of a movement that is predicted by a control theory can be
considered as evidence for that theory, it should be clear that this aspect is not
the result of some other property of the movement. We investigate whether
this condition is met in studies that claim to provide evidence for the tau-
coupling theory. Thistheory proposes that moving targets are intercepted at a
specified goal zone by maintaining a constant ratio between the tau (time to
closure) of the gap between the hand and the goal zone and the tau of the gap
between the hand and the moving target. In line with the theory, previous
research has found a linear relationship between these two decreasing taus
during the last part of such a movement. To investigate whether this linear
relationship was a side-effect of smooth successful movements, we modeled
smooth ballistic hand movements that were independent of the target’s move-
ment but led to successful interception. We found that the resulting taus of
decreasing gaps were also related linearly. We conclude that this relationship
cannot be considered as evidence for the tau-coupling theory.
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Introduction

A theory about the way in which akind of behavior is controlled isinvalidated if
data do not agree with its predictions. However, showing that data are in agree-
ment with atheory’s predictions is not enough for claiming that evidence for the
theory has been found. One must be sure that the particular data pattern is caused
by the proposed control mechanism and not by some other general aspect of be-
havior that is not specific for the theory.

An example of atheory that, in our view, has not met this requirement isthe
tau-coupling theory of sensorimotor control. In the present paper we will discuss
this theory and argue that although the presented experimental results are in line
with the theory, these results cannot be considered supportive of the theory.

Lee (1976) introduced the optic variable tau in the context of visualy con-
trolling the braking of a car. He showed that tau, in this case the inverse of the
relative rate of dilation of the retinal image of an obstacle, could inform the driver
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about the timeto collision at the current driving speed. More generally, tau can be
defined asthe time it takes for agap to close given the present speed of closing. A
large number of studies has been carried out that describe the use of tau in timing
alot of different actions such as retracting wingswhen diving into water (gannets,
Lee & Reddish, 1981), extending legs before landing on solid ground (pigeons;
Lee, Davies, Green, & van der Weel, 1993), catching (Savelsbergh, Whiting, &
Bootsma, 1991), and punching balls (Lee, Young, Reddish, Lough, & Clayton,
1983). For a critical overview of studies supporting tau see Wann (1996). Other
studies have proposed aternatives for the use of tau (Kerzel, Hecht, & Kim, 1999;
Lépez-Maliner, & Bonnet, 2002; Smeets, Brenner, Trébuchet, & Mestre, 1996;
Tresilian, 1999).

More recently Lee (1998) generalized the tau theory, proposing that various
taus of closing gaps can be coupled in order to guide movements. The gaps can be
defined in any dimension, such as distance, angle, or force, and can even only be
present internally (as an intrinsic tau-guide; Lee, 1998). This makesit possible to
use the tau-coupling strategy for many different goal directed behaviors, such as
bats steering by echolocation (Lee, Simmons, Saillant, & Bouffard, 1995), ba-
bies' sucking from abottle (Craig & Lee, 1999), bringing food to the mouth (Lee,
Craig, & Grealy, 1999), and guiding the swing in golf putting (Craig, Delay, Grealy,
& Lee, 2000).

To explain the hypothesis of tau-coupling more clearly, and to illustrate the
way in which the hypothesis was tested, we will describe a paper by Lee,
Georgopoulos, Clark, Craig, and Port (2001). In that study, subjects controlled a
cursor to intercept atarget just asit arrived in a circular goal zone on a computer
monitor (see Figure 1AB). In order to succeed, all three spatial gapsin this setup
[the gap between hand (h) and goal zone (g), between target (t) and goal zone, and
between hand and target] must close simultaneously. This means that the taus of
the three closing gaps must become zero at the same time. If the taus of two gaps
become zero simultaneoudly, it follows that the tau of the third gap reaches zero at
the same time as the other two. Therefore, a successful strategy would be to keep
the decreasing tau of one gap at a constant ratio to the decreasing tau of another
gap. Subjects could couple the tau of the gap between hand and goal zone (t,,) to
the tau of the gap between target and goal zone (t,;; Figure 1A), or to the tau of the
gap between hand and target (t,,; Figure 1B). Leeet al. (2001) used targets moving
at a constant velocity and ones moving with a constant acceleration or constant
deceleration. They also varied the targets movement times. For each trial, taus
were computed for every 10 ms of the hand’s movement. Lee et al. (2001) plotted
t,, against t,, and t,; against t,.. The data points from the last part of the movement
formed a straight line, indicating that at the end of the movement one tau was a
fixed ratio of the other. This was particularly evident for the t,, — t,, plot. They
concluded that subjects guided their hands by coupling the tau of the gap between
hand and goal zone to that between hand and target. The other studiesthat support
the tau-coupling theory also do this by showing that the taus of two decreasing
gaps are linearly related towards the end of the movement (Craig & Lee, 1999;
Craigetal., 2000; Lecet a., 1995; Leeet a., 1999).

Of course, if you want to examine whether people couple taus of gapsin
order to perform goal directed behavior, it makes sense to see whether taus of gaps
are linearly related. If they were not, the theory could be rejected. However, al-
though constant tau ratios are obviously in line with the theory, it is not self-evi-
dent that they also provide evidence for it. Constant tau ratios can only be consid-



Tau-Coupling Revisited 105

A B
g g
1 A

/
t 7 T,
N

t
A
\%h The
/

%00

o
@R
.

- 3 gd
1 I 1 L — 0 @
E ﬁ F /
¥ :: . ﬂ:r
v o= . v
L o a v F-1
« ' - v
- ne o v
v 0" o v
.
L4 ., ° v
" Y 2
Target velocity r '
~ constant < F F
. r v
° accelerating
= decelerating 3

Figure 1 — The experimental task (AB) isto move ones hand so that a cursor (h)
intercepts a target (t) asit arrives at the goal zone (g). The changing tau of the gap
between hand and goal zone is plotted against the tau of the gap between target and
goal zone (CE) and the tau of the gap between hand and target (DF). Plots C and D
present our simulated data from the condition with a target movement timeof 1.4 s
and a short hand movement time of 0.6 s. Plots E and F are experimental data from
Figure4G and H of Leeet al. (2001).

ered as evidence if it is clear that they are caused by subjects coupling one tau to
another and not by the general movement pattern of the hand. Perhaps the data
points in tau plots like those in Lee et al. (2001) converge to a straight line that
intersects the zero point for any smooth successful movement. Lee et al. (2001)
only considered successful trials; unsuccessful trials were repeated during the
experiment until the subject succeeded. By definition, the taus of the gaps of
unsuccessful movements do not decrease to zero simultaneously, whereas the taus
of successful movements do, regardless of the control strategy used. s it reason-
able to expect that the data points could reach zero along a non-straight line?
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Before considering a linear relationship between two taus as an argument
for tau-coupling, it should be established that this relationship is not a byproduct
of the fact that the movement is smooth and successful. To examine this we mod-
eled simple smooth ballistic hand movements to the kind of targets used in the
experiment of Lee et al. (2001). We generated movements for a strategy that isin
conflict with the tau-coupling hypothesis. We constructed t,, —t,, and t,, — t,, plots
from these simulated movements and checked whether the data points in these
plots also converge to straight lines.

The strategy that we chose for generating smooth successful movementsis
equivalent to the “single shot” hypothesis mentioned in Lee et a. (2001): Watch
the target, (correctly) predict when it will reach the goal zone, and move the hand
without adjusting it on the way. This is not the way such movements are con-
trolled, because we know that goal directed hand movements are continuously
adjusted on the basis of visual information about the target’s changing position
and velocity (Brenner & Smeets, 1997; Brenner, Smeets, & de Lussanet, 1998).
Indeed Lee et a. (2001) found that the skewness of the hand’s velocity profile
dependson that of thetarget; movementsto accel erating targetswere more skewed
than those to decelerating targets. Thisis why they justly rejected the single shot
hypothesis. Our model will thus generate speed profiles that differ from the ex-
perimental ones. However, thismethod allows usto comparethetau plotsfor smooth
successful hand movements without any online adjustments (generated by the
model) with movements that are adjusted online (the data of Lee et al., 2001). If
both sets of plots converge to straight lines, we will have to conclude that a con-
stant tau ratio is not an aspect of behavior that can distinguish between essentially
different control theories. A constant tau ratio may not be caused by subjects cou-
pling taus but by general aspects of the movement such as its smoothness and the
fact that the movement was successful. In that case, it would no longer bejustified
to consider straight tau plots, such as presented by Lee et al. (2001), as evidence
for coupling taus of gaps being the control mechanism in goal directed behavior.

Materials and Methods
Modeling

The modeled targets moved in the same way as the targets used in the experiment of
Leeeta. (2001). They started 12.5 cm below and 12.5 cmto theleft of the goal zone
and moved straight toward the goal zone (Figure 1AB). The target’s movement time
(TMT) was 0.5, 0.8, 1.1, 1.4, 1.7, or 2 s. The targets moved at a constant velocity,
with a constant acceleration (with a starting velocity of 3 cm/s) or with a constant
deceleration (with an ending velocity of 3 cm/s). Thisresulted in 18 conditions.
The modeled hand followed aminimum jerk trajectory: It followed astraight
path in space and had a symmetrical bell-shaped velocity profile. We used equa-
tion 2 from Flash and Hogan (1985) to obtain the hand’s positions over time. This
equation only requires the hand’s movement time and its starting and ending posi-
tionto generatefairly realistic ballistic hand velocity profiles. The simulated move-
ments only varied as a function of the target's movement time and were com-
pletely independent of the target’s velocity profile. Figure 2 of Lee et a. (2001)
indicates that the actual movement times (MT) of the hand varied considerably.
We therefore smulated a slow hand movement (MT = TMT —0.2 s), amovement
with intermediate speed [MT = (TMT —0.2 s) 30.75] and afast movement [MT =
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Figure2— R?valuesof regressionsthrough A thefinal 45% of the pointsin ther,,—,
plots and B the final 63% of the pointsin the 7,, — 7, plots, averaged over the three
velocity profiles of the tar get.

(TMT —=0.2 ) 30.5] for each condition. The value of 0.2 represents a minimum
reaction time of 200 ms.

Leeet a. (2001) only considered the part of the hand’s movement in which
the velocity was higher than 10% of the maximal hand velocity in that trial. We
therefore computed taus for every 10 ms from the time that the hand reached 10%
of its maximal velocity until the time that the hand’s velocity decreased to 10%
again. In our simulation the hand reached the goal zone at that time, together with
the target, so that the taus became zero simultaneously (asin Lee et al., 2001; see
their Figure 4). The modeled hand still moved for some time (0.09 3 movement
time) after the target had stopped and overshot the goal zone by 0.07 cm. Figure 2
of Leeet a. (2001) showsthat their subjects also continued to move after thetarget
had stopped.

Data Analysis

For each trial, Lee et al. (2001) determined the duration of tau-coupling as the
percentage of pointsin the tau plots that were fit well by a straight line. To deter-
minethe strength of tau-coupling, they computed ther? of theregression linethrough
these points. They found that on average, the last 45% of the data pointsin thet,,—
t,, plot were well fit by astraight line. Thiswas 63% inthet,,, —t,, plot according to
their criteria. The average values for r2 were 0.983 and 0.985, respectively. Note
that before computing the average durations and averager?'s, Leeet a. (2001) | eft
out trials in which the part that was fitted well by a straight line consisted of 10
data pointsor less and trialsin which ther? of the regression line was smaller than
0.95. With these criteria, they discarded 38% of the trials when t,, was plotted
against t,,, and 20% of the trials when t,, was plotted against t,,.

We cannot use Lee et al.’s (2001) criteriafor computing the duration of tau-
coupling in our simulated movements because our model lacks experimental vari-
ability. We therefore used the same part of the data as Lee et a. (2001) and thus
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computed the r?’s of regression lines fit through the last 45% of the data pointsin
thet,,—t,, plotsand thelast 63% in thet,, —t,, plots. Theser? values cannot directly
be compared to the ones of Lee et al. (2001) because we do not select trialswith r?
valueshigher than 0.95, and our simulated datalack experimental variability. How-
ever, our r2 values are useful to establish arough idea of how well our simulated
movements fit the tau-coupling hypothesis and to compare the model ed outcomes
between the conditions. We also judged by eye whether our tau plots converged to
straight lines.

Results

Figure 1CD shows tau plots from our modeled data. These plots ook remarkably
similar to Lee et a.’s (2001) plots, as reproduced in Figure 1EF. The main differ-
ence is the order of the graphs of the different target velocity profiles. Lee et al.
(2001) do not predict a certain order of the graphs.

The most important issue is whether the points in our tau plots converge to
straight lines. Looking at the graphs, we think that they do. Figure 2 shows the r?
values of regressions through the final part of the points, averaged across the three
target velocity profiles. The averager?for regression linesthrough thefinal 45% of
datapointsinthet,,—t, plotsis0.993, with little difference between short, interme-
diate, and long movement times of the hand (Figure 2A). The average r? for regres-
sion lines through the final 63% of data points in the t,, —t,, plots is 0.951. The
points in the tau plots from the short movement time are closer to a straight line
than the points from the intermediate and long movement times (Figure 2B).

The difference between the average r? values for the two forms of tau-cou-
pling may be due to differencesin how linear the relationship is, or it may be due
to the different amounts of data that were included. To distinguish between these
two possible effects we also computed the average r? for regression lines through
the final 63% of data pointsin thet,, —t,, plots and the final 45% of data pointsin
the t,, —t;, plots. These were 0.967 and 0.958, respectively. Thus, only including
45% instead of 63% of the data increases the average r?, but if thisis taken into
account, theaverager?of theregression linesthrough thet,,,—t,, plotsisstill higher
than that of the regression lines through the t,, —t,, plots.

Discussion

What this study shows is that when the analysis used by Lee et al. (2001) is per-
formed on modeled data without adjustments of the hand’s movement to the tar-
get, whichisin conflict with the use of tau-coupling, the outcome meets the crite-
ria on the basis of which these authors have claimed to have found evidence for
tau-coupling in intercepting moving targets. Figure 1CD suggests that for our
modeled data, the points representing the taus toward the end of the hand’s move-
ment can be approximated by straight lines just as well as the data of Lee et al.
(2001; Figure 1EF). This is especialy the case in the t,,, — t,, plot (r* values in
Figure 2). If Leeet a. (2001) had found datalike ours, they would probably have
concluded that subjects couple thet,, to thet,, rather than to thet,,. However, aswe
simulated movements without online control, we know there is no active tau-cou-
pling at al. Thus, amodel that isin conflict with tau-coupling but assumesasmooth
successful movement of the hand also predicts aconstant ratio of taus. Apparently,
aconstant tau ratio is not necessarily caused by subjects coupling taus of gaps but
could also be a consequence of making a smooth successful movement. We con-



Tau-Coupling Revisited 109

clude that although Lee et al.’s findings (2001) are in line with the tau-coupling
hypothesis, they cannot be considered as strong evidence for it.

The data of Lee et a. (2001) do show that hand movements are not com-
pletely predetermined. The finding that the hand's velocity profile depends on the
velocity profile of the target indicates that the movement of the hand is adjusted
during the movement. However, we do not know yet whether thisonline control is
based on tau-coupling or, for example, on coupling the speed of the hand to the
speed of the target (Brouwer, Brenner, & Smeets, 2000).

As pointed out above, a constant tau ratio does not necessarily mean that
tau-coupling isused. An additional disadvantage of using linearly related tausasa
critical test of the tau-coupling theory isthat it is arather vague prediction. How
long should the taus be linearly related and how strongly? In principle, any short
piece of asmooth curve can be approximated by astraight line, so if you only ook
at the very last part of the movement, the taus have to be related linearly.

Other studies that claim to show evidence for tau-coupling (Craig & Lee
1999; Craigetal., 2000; Leeet a., 1995; Leeet a., 1999) have used essentially the
same analysisasin Lee et al. (2001). After a task was performed, taus of several
decreasing gaps were plotted against each other, and the percentage of pointslying
on astraight line was determined, together with an r2 value. The authors then con-
cluded from this that the duration and strength of tau-coupling in (one of) the tau
plotsis*“good”. The present study suggests that this method is not the appropriate
oneto critically test the tau-coupling hypothesis, and therefore the conclusions of
these studies should be regarded with caution.

A more general conclusion of the present study is that researchers of motor
control should ask themselves the question whether a certain pattern in data ob-
served in successful movements reflects a particular control strategy or whether it
is a consequence of performing the task adequately, irrespective of the control
strategy (see also Smeets & Brenner, 1999).

Additional Remarks About Tau-Coupling

The arguments presented above do not reject the tau-coupling hypothesis. They
only show that we need a better way to test the hypothesis. When devising such a
test, one could consider a number of additional theoretical issues as we will point
out below.

The tau-coupling hypothesis as it now stands ignores neuronal delays. It is
not clear how it is possible to keep the tau of the gap between hand and target
proportional to the tau of the gap between target and goal zone, because it takes
time to determine the value of tau, send the appropriate motor commands to the
muscles, and to let the muscles contract. It seems that an implementation of tau-
coupling in the brain would only be possibleif future values of tau were predicted.

The idea of tau-coupling as presented in Lee et al. (2001) also depends, in
our view, on an unlikely assumption if it isto be considered as a control strategy
for interception in general. It assumes that subjects who intercept a moving target
determine afixed point in space where they will contact the target. There are sev-
era indicationsthat thisis not their natural strategy. First, tasks in which subjects
have to intercept targets in a goal zone appear to be difficult. Lee et a. (2001)
reported that subjects found their task very demanding and that performance was
poor on some trials. Second, if the goal zone is not marked visualy, there is no
direct visual information regarding the tau between target and place of intercep-
tion. Third, if targets disappear after varying times, the hitting position depends on
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the time that the target is visible (Brouwer, Brenner, & Smeets, 2002), indicating
that the intended place of interception changes during the movement. Of course,
theinterception point that isused to cal cul ate the taus coul d a so change during the
movement. However, such amodel would be even more difficult to test.
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