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Abstract

Some athletes accomplish feats requiring a timing accuracy 100 times better than their reaction time. This capability implies that the brair
can accurately extrapolate the motion of objects. We hypothesize that the brain uses a simple algorithm to accomplish this extrapolation, an
that the algorithm is influenced by the subject’'s gender and recent observations of motion. We describe an experiment in timing the motior
of a dot across a computer screen designed to discover the motion extrapolation algorithm. Different types of motion of the dot were studied
The experiment was conducted with 126 college students (two-thirds female), who each performed 1000 trials. By using as many as 126,00
trials, the random noise inherent in individual trials averages out, allowing the underlying algorithm to be revealed. The results show that
motion extrapolation is done using the average velocity of a moving object with no correction for changes in velocity during the motion, but
with an ad hoc adjustment based on recently observed motions and on gender—males having on average a smaller error than females. A futt
controlled experiment will be needed to establish whether the observed gender difference is due to the greater experience of males with suc
related tasks as video games and sports.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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The human ability to extrapolate motion is truly extraordi- when visually observing motion. The data show that when
nary, as demonstrated for example by the ability of a base-we observe an unfamiliar straight line motion, the brain ex-
ball or cricket batter to time the collision between bat and trapolates using the average velocity up to the point of extrap-
ball to an accuracy of about 2—-3 rfi§—which is two or- olation, with no account taken of any variations in velocity.
ders of magnitude less than typical human reaction ti®les A more sophisticated algorithm is found to apply when ob-
Clearly, given the appreciable delay due to nerve impulse serving repeated motions of a similar type, and the result is
propagation timd9], the brain must accurately extrapolate smaller timing errors. In the case of unfamiliar motions, the
the motion of bat and ball when it decides when to create the data show a pronounced gender-dependence, whereby males
nerve impulses that upon their arrival instruct the muscles to on average make a correction that reduces their average tim-
begin the swing. ing error to 40% of females.

Previous research has shown that the brain does notmerely The present work was accomplished using a computer
extrapolate motion based what is seen, but that it uses somgrogramme that generates a spot moving across a computer
kind of algorithm to accomplish its task, and that the algo- screen in a straight line in a manner described below. It is
rithm, while resistant to change, is affected by what kind of based on the results of a class project in which 126 stu-
motion has been observed recerjfl?]. In the presentwork  dents in an introductory physics class were encouraged to
we confirm that finding, and we seek to determine the naturetime the motion of the spot as accurately as they could.
of the brain’s algorithm by examining the timing errors made Specifically, the students were instructed to start the mo-

tion of the spot by clicking a mouse on a ‘start’ button on

* Tel.: +1 703 993 1268: fax: +1 703 993 1269. the screen, and then record the precise instant of its arrival
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button. The spot remains continuously visible throughout its 0.05
motion. 0.03
Unlike earlier motion extrapolation research conducted in 5
an experimenter’s laboratory, the class project reported here éj‘: %01 1
was done by students on their own computers in their spare ‘g, -0.01 -
time—facts which allowed us to collecta very large amount of ® .03
data (1000 trials for each of 126 students). The large amount |l
of data allows one to glimpse the underlying algorithm in the 45 1 i€ & BE 8
presence of much noise associated with individual trials, and gamma

person-specific systematic errors. The method also allows
readers who are academics without their own lab to easily Fig. 2. Collective average time errdng.y for 1000 trials for randony runs _

. . . by 18 males — (lower) data, and 38 females — (upper data). Runs for which
Conflr_m the reSUl_tS reported here by maklng an asSlgnmentTfell in the smallest quartilel{< 0.45 s) have been dropped. The dotted line
to their students in a large class. shows what the fitted line would look like for females if we had used the

The type of motion investigated was such that the position median d (being less sensitive to outliers) rather than the mean values. For
of the dot on the screen at a tirrtead the following functional males, the median values and the mean values yield indistinguishable fitted
form: x(t) =x7 (VT)”, whereT is the time to complete the Iines. The separation intdy gender averaged over allis 4.0 standard

. . f . deviations.
motion, i.e., to arrive att, andy is a constant. Two values of
y have patrticular significance, i.¢.= 1 for constant velocity ~ varied from student to student, but by a significantly smaller
motion, andy =2 for uniformly accelerated motion, similar amount than the values of thé-idtercepts. In combining
to that of a freely falling body. On any given tridl was the randomy runs for all students we excluded those cases
deliberately randomly changed by up to 40% to ensure thatwhere the timél was less than 0.45 s (very fast computers),
students would not get into a rut of simply clicking the mouse since in those cases the trials took place too quickly to obtain
after a fixed time interval on every trial without even needing a genuine measurement. The collective data for 56 students
to watch the moving dot. Students were shown the ertor d who had random:runs is shown irFig. 2separately by gen-
they made after each timing attempt, and could see whetherder for 18 males (lower data) and 38 females (upper data).
they clicked the mouse too earlyt&0) or too late (d> 0). Collective data points are the averads fbr all students for
There was no reward for obtaining smatlsd but as one  eachy-interval, and the error bars are based on the variance
incentive to keep making a reasonable attempt despite thein those means. As can be seenjhgependence oftds ex-
tedium of 1000 trials, the computer would only accept the tremely linear with virtually the same slope for both genders.
results if the absolute value @dt| was less than 0.20[41]. The two fits inFig. 2 look suspiciously good, given the
For some studentg was chosen at random for each trial size of the error bars, which come from the variance of the
from the range: 0.5 ¢ <2.9 while for others it was chosen means for all individuals. The small scatter of the data points
in a sequence from the smallest to the largest value in thisis due to the tvalues for the twelve data points being highly
range. We refer to these two types of data runs as ‘rangom- correlated, so that combining the data frdhpersons does
and ‘sequentiaj+’. not reduce the error bars on each pointJy. In fact the

For both random» and sequentiaj-runs, we examinethe  size of the error bars for the collective data for 38 females are
dependence oftabn y by grouping the datain 12 equal sized not that much smaller than the error bars for the one student

y-intervals, and showing the averagefor all trials falling shown inFig. 1

within eachy-interval. Let us first consider the randgpruns Although the slopes of the fitted lines kig. 2 are very

in which each trial presents the user with an unexpected typesimilar for males (0.0255) and females (0.0242), the

of motion. The results of a randoprun for one typical stu-  intercepts are significantly different. One gauge of the sta-

dent are shown ifig. 1 Note the data points for this student tistical significance of the gender difference is to look at

cluster about a fitted straight line with positive slope—a fea- the value of d (averaged over aly) for male and female

ture seen in nearly all randomruns. The value of the slope  students. The average fdr males is 40% that for females,
(Atm) = 0.4(Ate), and the difference, i.elAtr) — (Atm) =

B 0.028+ 0.007 s represents a four standard deviation effect,
g 002 or a two-tailed probabilitp < 6.4x 10~°. (Although we are
% o not here measuring a reaction time, the magnitude of the
@ . . . . .
g 002 gender difference in averagg de., 0.028 s, by coincidence
® 004 , ‘ r ‘ , is consistent with the reaction time difference when spatial
05 1 15 2 25 3 stimuli are involved[6]. By comparison when the stimuli
gamma have a strong semantic component, females are found to be

Fig. 1. Average time errortdss. y for 1000 trials for a randony run by the favored gende{B].)
. L .Y . .
one typical student. Data points and error bars are based on grouping the Of the 126 students in this StUdy’ 56 of them made se-

data into 12 equay-intervals. The data for most randopnruns are well quentialy runs rather than random runs. Recall that in a
described by linear fits with similar slopes but dissimitantercepts. sequentialy run the motion of the dot in each trial differs



40

0.04 -
£ 002
Q
o
S 0
Q
>
© _0.02 -
-0.04 ; ;
05 1 15 2 25 3
gamma

Fig. 3. Collective average time errar. y for 1000 trials for sequential

runs by 13 males — (lower straight line fitted data), and 20 females — (upper
straight line fitted data). Error bars are shown only for the male students
to avoid confusion. The averagéfdr males is remarkably consistent with
zero everywhere. The gender separation is statistically insignificant. The
light four curves and points show thés. y behaviour for four individual
students who did sequentigiruns.

only very slightly from the previous triakig. 3 shows the
data from four individual students (light curves), and the com-
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Furthermore, sincé&/T « 1, we have that

1 4 8
(57) ~1+r(3). ©
and hence finally:
dr ~ (y — 1) 4)

According to Eq(4), we predict the/-dependence oftdo be
alinear one, with d= 0 for y = 1. This predicted behaviour

is exactly what is observed for randoyntrials for females
(seeFig. 2). The value foi is just the slope of the fitted line,
i.e.,§=0.0242 s for females. The only significant difference
found in the algorithm for males is that they make an adjust-
ment by starting the nerve signal earlier by 0.028 s compared
to the females for aly values. The effect of this adjustment

is to bring the value of daveraged over alf values much
closer to zero for males. The magnitude of the adjustment
needed may be unconsciously learned by males as a result

bined data divided according to gender. For students makingof the feedback received when they see the signt afinda

sequentiaj runs, we see thatthe combined data were remark-
ably y-independent (zero slope fitted lines) for both genders,
and consistent with zerd €br all y. Note that individual stu-
dent data are nogt-independent, however. For the combined
data, males on average hgt| closer to zero than females
(as with the randony data), but now by a statistically in-
significant margin (1.8). As with the randomy data, the
suspiciously good look of the data (given the size of the er-
ror bars) is due to the very high correlation afvélues for
differenty’s.

We now discuss a simple algorithm to explain the data for
the randomy runs. We assume that the brain sends a signal
to the fingers to click the mouse when the observed moving

succession of recent trials done with varigusalues.

We suggest that females also make a similar ad hoc ad-
justment, but only after many trials at almost the sanase
observed, i.e., when doing sequentialins. This conjecture
is based on the observation that both genders give virtually
y-independent results fott @Fig. 3), when the data is com-
bined for many individuals doing sequentjaluns. Based on
Fig. 3, males seem to be able to make the ad hoc adjustment
extremely accurately, so that for gdwe find d ~ 0 withina
margin of several milliseconds, while for females there may
be a small residual error. Thus, for both the randpmand
sequentialy runs males appear to have smaller timing errors,
dt, with the gender difference only being statistically signifi-

dot has reached that point in its path such that the CompUtEdcant in the former case. Theindependence oftdound for

remaining time for it to reach the end of the line equals the
estimated time it takes a nerve impulse to reach the fingers,

sequentialy runs suggests that as a result of experience with
many slowly changing trials, the brain continually updates

Further, it is assumed that the Computed time is based on th%n adjustment to the value of ds it extrap0|ates motion.

brain’s judgment of the average velocity of the moving dot up
to that instant. The use of the average velocity implies that no

Note, that the brain is not simply taking some average ac-
celeration into account, because that would give thed

account is taken of whether the velocity has been changingonly aty = 1 andy = 2, and depart from zero elsewhere by an

up to that point. Clearly, the algorithm yields exactly the right
result (¢ =0) only when the velocity of the dot is constant or
y=1.

Let us see what errott the algorithm yields for arbitrary
values ofy. Given thatx(t) = x (t/T)?, the average velocity
of the moving dot up to the time=T — § can be expressed

as:
(T 5)y(T -8

and the time computed by the algorithm for the last segment
is noté, but instead: Xy — x)/v leading to an error:

R R =)

X
V= — =XT
t

@)

1-68/T

observable amourfb].

The notion discussed here that males and females use dif-
ferent strategies in performing timing tasks agrees with the
findings of Adam et al[1], who found that the two genders
had average reaction times that varied by a statistically signif-
icant amountg§ < 0.05) with respect the left-right location of
a visual stimulus. As with our results, Adam et al. also found
that males on average tended to respond earlier than females
[1]. It must be remembered, however, that all such gender dif-
ferences hold only on the average, and that individual females
may yield smaller timing errors than the average for males.
Furthermore, it is unclear based on the present work whether
the gender difference might be learned rather than innate,
and whether it might be a proxy for something else, such as
greater male experience with video games or sports. Never-
theless, the difference reported here does conform both to the
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greater skill on average of males in certain sports requiring made to take into account variations in other variables. There
very accurate timing ability (such as ping pong, baseball and are many variables which were not controlled for, such as
basketball). It may also be related to the reported greater sizdlight conditions, time of day, disturbing or distracting in-
and asymmetry in males of the inferior parietal lobule—the fluences, which would seem unlikely to affect the gender-
part of the brain linked with one’s ability to estimate time, dependence of the results reported. On the other hand, there
judge speed, visualize the world three-dimensionally and do are other gender-correlated variables, such as handedness,
mathematic$2]. muscular strength, experience with video games and sports,
For the results presented here to be meaningful, it is im- which might show very significant differences between the
portant that they not depend on any characteristics of thegenders. Given the nature of the task at hand, which is quite
computer on which the programme is run. Two particular similar to a video game, it seems plausible that males who
computer properties are of particular importance: the mousetend to have greater experience in this area would excel
interface and the computer speed. On some computers thédecause of that fact. A controlled experiment might have
mouse interface polls the mouse at a specific frequihtzy), matched only males and females that had equal experience
rather than being interrupted whenever a mouse click occurs.with video games or sports. On the other hand, were such a
This has the effect of yieldingtdralues that are quantized in  comparison to yield a negative result for the gender differ-
multiples of 1fs. In contrast, on computers having the inter- ence, it would leave unanswered whether males have greater
rupt type of mouse interface, theahta showed no quantiza-  experience with video games because they tend to have a
tion. In a few cases students fortuitously switched computers greater ability in timing tasks. Consequently, the author be-
midway through a run of 1000 trials from a computer with lieves that while a repeat controlled experiment might have
quantized tto one with unquantizedtdif quantization of d considerable value, the “uncontrolled” approach reported
had a systematic effect on the value ¢fode would expect  here also has value, because of the ease in accumulating large
to see an abrupt change in the averageadue occurring at  quantities of data, and because students performing the ex-
the y-value where a student switched computers. In fact, no periment on their own are less anxious about it compared to
abrupt discontinuity in the graphs afwkersusy was observed  their doing it in a laboratory.
at the switching point in these cases, which suggests thatthe There are several other well-established lines of research
quantization effect seen on some computers is not a reasomelated to the present work. One concerns the “flash-lag ef-
to discard those runs. fect,” whereby a moving target is mislocalized when it is
The other computer property that might affect the results flashing[10]. In the present work, although one sees discon-
is processor speed. In fact, the tifidor the spot to com-  tinuous images appear sequentially on the screen, they are
plete its motion varies considerably: 0.2$<3.0s,depend-  close enough in time, so that one does not perceive distinct
ing on the computer speed. When the data were examinediashes. A second related line of research concerns saccades
in four quartiles of timeT, the data for the shortest quar- or rapid eye movements designed to bring the image of a
tile (T<0.45s) had a much smallet dersusy slope of the moving object into the fovea as quickly as possible, which
fitted line than the other three quartiles, whose slopes wereis distinct from the smooth pursuit eye movements that then
quite consistent with one another. This smaller slope for the track the object. Nevertheless, because it takes time to gener-
fitted line for the data in the shorte$tquartile is an arti- ate a saccade, the saccade system does need a velocity signal
fact, since many of those runs were simply too short to yield as input to compensate for the motion of the object so as to
a reliable time for anyy, and they had to be discarded, as keep its image at the fovea during the sacciideA vari-
explained earlier. Thus, in summary, the conclusions drawn ety of neural mechanisms have been proposed for generating
from the data used in the analysis are independent of bothsuch saccade inputs, which involve the firing of one or more
the type of mouse interface and the computer speed. Onespeciifc neurong4]. Some of these mechanisms may well
other computer-dependent quantity, i.e., the refresh rate ofalso be responsible for the results reported here.
the monitor seemed to play no role, in that the flicker rate is
simply too high to notice visually.
There are several alternate interpretations of the resultsAcknowledgements
regarding the gender differences reported. One possibility is
that males and females merely prefer to use different strate- | thank Dr. Marianne Breinig for helping me to write a Vi-
gies in judging speed and time of arrival of the dot, with males Sual Basic programme within an EXCEL spreadsheetto carry
indifferent to the sign of small errors, while females tend to Out the experiment, and my colleague Dr. Robert Ellsworth
be “conservative,” i.e., they prefer to be sure that the dot ar- for making useful suggestions during the course of this work.
rival has occurred before clicking the mouse. It is possible
that this interpretation could be tested through interviews of
the participants after the experiment, or with more explicit
Instructions as to hOW_ to perform I_t' [1] J. Adam, F. Paas, M. Buckers, |. Wuyts, W. Spijkers, P. Wallmeyer,
A second alternative explanation relates to the uncon- Gender differences in choice reaction time: evidence for differential
trolled nature of the experiment, whereby no attempt was strategies, Ergonomics 42 (1999) 327.
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