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Abstract

Several studies have shown that humans exhibittanate knowledge of prospective

motor actions when imagining and planning movemeifts probe this knowledge, we used a 2-
alternative forced-choice task to determine whefigaple are consistent with Fitts’s law when
choosing the movement they perceive to requirdgthst movement time. We hypothesized that
participants would choose the target with the loimeiex of Difficulty with a probability greater
than 0.5 in all situations. Participants performaédost perfectly when one of the targets was
closer, wider, or both. Contrary to expectatidi®yever, participants showed biases for close
targets when one of the targets was closer andwarr We argue that this pattern of behavior
may result from a subjective representation of muaset time that is based on both Fitts’s law

and the distance to the target, suggesting a preterfor movements that are less effortful.
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I ntroduction

One factor that allows the nervous system to choasemovement from an almost
limitless selection of potential movements is thaity to accurately predict the consequences of
motor actions. Research has shown that knowletifygume motor outcomes is the basis of
many of the things that underlie humans’ smooth\ardatile movements, such as anticipatory
grip changes, anticipatory posture changes, andn@y@ments that lead our actions (Davidson
and Wolpert 2005). It is widely believed that thesticipatory actions rely on a mental internal
model, or emulation system, that predicts the auof motor actions on the basis of the
generated motor commands (Jeannerod 2001; WolpgiGaahramani 2000). In addition to
planning motor actions that are currently undentiagre is evidence that humans can use an
internal model of movement to evaluate potentiatanactions and plan movements to be
performed in the future. For example, people g@ygpcts differently depending upon what
they plan to do with them (Rosenbaum et al. 20pépple are able to choose an endpoint for
movement with apparent knowledge of the errors #reylikely to make (Trommershauser et al.
2003); and people can predict movement duratioadbiyely imagining movements (Decety and
Lindgren 1991). To further examine humans’ abildycompare potential actions, this paper
investigates the ability of participants to choossvements that require the least movement
time.

To probe the ability of people to make this deciswe focused on one of the most
fundamental principles of human movement, the t@tibetween speed and accuracy (Schmidt
and Lee 2005). This trade-off was first formalizgdFitts (Fitts 1954, Fitts and Peterson 1964),
who proposed an equation to relate movement timg) (Mth the distance (D) and target width

(W) of two-dimensional movements: MT =a + b *§@* D / W). In this equation, a and b are



empirically derived constants, and the log termeferred to as the Index of Difficulty (ID). In
words, Fitts’s equation states that (a) MT increagith increasing D, as the hand must travel
further to reach the target; (b) MT increases wireasing W, as the hand must travel at a
slower average speed in order to land in the smialiget; and (c) any two movements with the
same ID have the same MT. While variations ofsi§tequation have been proposed (For a
review, see Plamondon and Alimi 1997), the genelation between D, W, and MT has been
verified in such a wide variety of populations, rement tasks, and body parts that it is often
referred to as Fitts’s law (Schmidt and Lee 2005).

Several studies have shown that Fitts’s law affiges the motor system optimizing
movement trajectories to minimize MT in the pregeatneuromotor noise (Harris and Wolpert
1998; Meyer et al. 1988; Tanaka et al. 2006). &rstgdies suggest that the motor system
determines the minimum MT based on the target'odore the movement even starts, and then
chooses the optimal motor commands to build thaired trajectory. In this paper, we
investigate whether people are able to chooseeemivements in a time-optimal way. In other
words, does a person demonstrate the same knowdédge speed-accuracy trade-off when
choosing targets for movement as that exhibitethbyperson’s motor system when choosing
motor commands to build a movement?

Research in several different paradigms has shbatrpeople are, indeed, consistent
with Fitts’s law when imagining, choosing, and m@ving movements. The first evidence
comes from studies of motor imagery, in which ggrants imagine performing actions and
report the duration of the imagined movement. Deaad Jeannerod (1995) had participants
imagine walking through a gate in virtual realifyhe distance to the gate and width of the gate

were varied between trials, and the experimenteasored the time between participants’



reports of starting and ending walking. They fotimat imagined MT obeyed Fitts’s law, using
gate distance and gate width in the ID. Sirigale(1996) demonstrated similar results with
hand movements. Participants made real or image@gdrocal hand movements between a line
and a target, and target size was varied betwesds. timagined MT was highly correlated with
actual MT, and they found a simild&rvalue when fitting Fitts’s law to both imagineddaactual
MT.

There is also evidence that a person has knowletdgits’'s law when preparing for
future movements and perceiving the limitationsnofvements. Augustyn and Rosenbaum
(2005) demonstrated that individuals are consistatht Fitts’s law when choosing the starting
location for future target-directed movementsthils experiment, each participant chose a
location at which to place his or her finger oimne Ibetween two targets. One of the targets then
disappeared, and the participant attempted to rhisver her finger to the remaining target
within a limited time. By choosing the start lacat of the movement, the participant controlled
the ID of the two potential future movements. Experimenters showed that participants chose
a starting location that resulted in the same IDbfath potential movements. Finally, Grosjean
et al. (2007) showed that a person’s perceptiomsaMement limitations are also consistent with
Fitts’s law. Participants watched displays of allan or a robot making reciprocal movements
between two targets, and they reported whethemtheements were possible without missing
the targets. Target width, distance between taygeid motion speed were varied between trials.
The movement times predicted by participants ashiteshold between possible and impossible
agreed with the movement time predictions of Fsttav.

Unlike the aforementioned studies, the questioraskein this study is whether people

have sufficient awareness of Fitts’s law to selbetmovement with the shortest MT when given



two targets that vary in D and W. To answer thisgjion, we used a two-alternative forced-
choice task, as shown in Figure 1. Participant®wge/en a common horizontal start location
and two targets for movement. They were askeceterthine the target to which they perceived
they could move with the shortest MT. We expegadicipants to make decisions in a way that
was consistent with Fitts’s law, as found in theyiously mentioned studies.

Participants were presented with four types ofslens based on the relative difference
in D and W of the targets. In the first two tymésiecisions, targets varied in only one
dimension—D or W. Both of these situations seemitive: we expected participants to choose
the closer target or wider target with very higblability. The third type of decision—the
closer target was wider than the farther targete-atemed intuitive: we expected participants
to choose the closer and wider target with higlbabaity. We expected people to find the
fourth type of decision—in which the closer targets narrower than the farther target—more
difficult. Contrary to the first three types ofaisions, there were no obvious visual cues to
indicate the movement with shorter MT. People wWneed to rely on knowledge of their motor
abilities in order to choose the target with thedo ID. To determine if people were consistent
with Fitts’s law for this type of decision, we fodipairs of targets for which participants chose
each with equal probability, thereby indicatingttparticipants believed each target had the
same MT. Similar approaches are used in psychagh{GSescheider 1997), where the stimuli
that participants choose with equal probability i@ferred to as being subjectively equal (i.e.,
the participant does not show a consistent preteréor either stimulus, so he must believe the
stimuli are equal). According to Fitts’s law, irder to have the same MT, movements must
have the same ID. Therefore, we hypothesizedpdudicipants would find targets with equal

values of ID to be subjectively equal. In ordeetsure that the observed decision-making



behaviour was not purely an artifact of the paféictargets presented, we replicated the four

types of decisions with several target combinations

Methods

Participants

Eleven healthy, right-handed volunteers (3 femgasbicipated in this study. The mean
age was 27.5 years old (range 20 — 39). Noneeopdnticipants had performed the task
previously. The study was conducted in accordantteethical guidelines established by the
ethics review boards of the University of Torontmld&loorview Research Institute. All

participants gave their informed consent prioradipipating in the study.

Procedure

Participants sat at a table and used a stylugeaaict with an LCD tablet (Cintiq 15X
tablet and UP-813E-01A stylus, both from Wacom CanyplLtd., Japan). The tablet was placed
flat on the table, and the table was adjusteddonafortable height for each participant.
Participants first performed 20 practice targeedied movements and 20 practice trials of the
two-alternative forced-choice task to ensure thaytunderstood the decision they were being
asked to make. Participants then performed 63Qrtels of the two-alternative forced-choice
task. The test trials were organized into 10 bdozk63 trials with one minute of rest between
each set.

Each trial of the forced-choice task followed tlaeng protocol. Prior to the trial, a start
square appeared on the right side of the scredmenWeady, participants touched the start

square with the stylus. This action started tla &nd displayed the two-alternative forced-



choice task shown in Figure 1. Participants theterminined the target to which they perceived
they could move with the shortest MT. Participardesidered movements in which the stylus
started from rest at any point on the start liné @mded with the stylus at rest at any point within
one of the target rectangles. Participants westunted to make decisions as accurately as
possible, and to take as long as they needed tpletereach trial. They were also instructed to
avoid using the location of the target on the sti@e., top or bottom target) as a factor when
making decisions. While deliberating their deaisiparticipants were not permitted to make
movements to the targets, but they were permitiechdgine movements. Participants indicated
their choice by placing the stylus in the appraereelection rectangle, and not by making a

movement to the target rectangle. This action értlde trial, and a new start square appeared.

Stimuli

Each trial presented a pair of targets, and aljesiib were tested with the same 63 pairs.
Each pair was presented 10 times, for a total 6ft6als. Trials were organized into 10
randomized blocks of 63 trials, and the locatioea¢h target within each trial (i.e., top or
bottom target) was counterbalanced. The 63 péaiargets were determined by defining 7
target groups (not to be confused with a groupubfexts), each containing 9 pairs of targets
(i,e., 7*9=63). The 9 pairs in each targetugravere used to measure participants’ behaviour
in four types of decisions, based on the relatiffer@nce in D and W of the targets in the pair
(as explained in the introduction and below). Tharget groups were chosen to replicate those
four types of decisions with targets of variousrid &V.

Each target group consisted of a single referesigget and nine comparison targets.
Nine pairs of targets were created by comparingeference target to each of the comparison

targets. Each group was defined by three parameter ID of the reference target ([p the D



of the reference target ({); and the separation (S), a parameter used toaddfe D and W of
the comparison targets relative to the referengetaas outlined below. For each group, the
same approach was used to determine its respectmparison targets. First, three comparison
targets were chosen to create the three typescedidies that we expected participants to find
intuitive. One target had a greater D than therssfce target: D =R + S. Another had a
greater W than the W of the reference targetWWV = Wi + S. The third target had lesser D
and greater W than the reference target: DePS/3 and W = W + S/3. We expected
participants to choose the reference target witlhaibility of (a) 1.0 for trials involving the
comparison target with greater D; (b) 0.0 for simlvolving the comparison target with greater
W; and (c) 0.0 for trials involving the comparistamnget with lesser D and greater W.
Additionally, within each group, six comparisongets were chosen to create the type of
decision that we expected participants to find nebifecult. All of these targets had a greater D
and greater W than the reference target. Eackttargs chosen so that the total of differences
between its D and W and those of the referencetavgs equal to S: (D —d) + (W — W) =
S. One target was chosen to have the same IReasféérence target, and the other 5 were
distributed evenly at values of ID higher and lowean ID¢;. As shown by the dashed line in
Figure 2, we expected participants to display & typppsychometric function for decisions
involving these targets: the probability of chogsthe reference target was expected to increase
monotonically with increasing ID, from O for thedat with greater W than the reference, to 1
for the target with greater D than the referente.be consistent with Fitts’s law, we expected
the probability of choosing the reference targdiad.5 for trials involving the comparison

target with the same ID as the reference target.
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We created seven target groups by using differahies of the parameters.PID.es, and
S. One target group was defined using a basd Hetse parameters (i.e.;.cP= 120mm, IR
=4, and S = 38 mm) and six additional groups weeated by modifying one off) 1D, Or S,
while keeping the other two parameters constaablel'l shows the parameter values for each
group. Changes inBchanged the D of all the targets in the group,@rahges in 1R
changed the W of all the targets in the group. @ka in S, meanwhile, had no effect on the

reference target but changed the similarity ofatvparison targets to the reference target.

Results

For the three types of decisions that we expecaeicpants to find relatively easy,
results were as expected. We counted the numbenes participants chose the reference target
for each type of decision, creating a total of #¥dls across target groups and participants, (i.e.
10 trials * 7 target groups * 11 subjects) for eatlhe three types of decisions. Participants
chose the reference target 763 times for trialslinmg the targets with greater D, 7 times for
trials involving targets with greater W, and 2 tsrfer trials involving targets with less D and
greater W.

For the type of decision that we expected peopfantbmore difficult, there were some
differences from our expectations. For an exartipéis representative of most target groups,
the solid line in Figure 2 shows the probabilitychbosing the reference target for Target Group
1 (calculated across all participants). As expidiee probability of choosing the reference
target increased monotonically from the target withater W to the target with greater D.
Contrary to expectations, however, the probabdftghoosing the reference target was greater

than 0.5 for the comparison target with the samadihe reference target. As a result, the ID
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value at which the psychometric function was eqo&.5 was less than J&2 This indicates that
the subjectively equal comparison target had atldid¢han the reference target.

To analyze the differences between expected anduresbehaviour, we first tested the
hypothesis that participants chose the referengettavith p = 0.5 for pairs in which the
reference and test targets had the same ID. [Ebrtagget pair in which both targets had the
same ID (i.e., one pair in each group), we deteedhitme frequency of choosing the reference
target across participants, as shown in TableHe tdtal possible frequency for each pair was
110 (i.e., 10 trials * 11 participants), and we ected participants to have a frequency of 55 (i.e.,
0.5*110). We used a chi-square test to determimether the measured frequency for each pair
was significantly different than 55. As shown iable 1, participants chose the reference target
with a significantly greater frequency than expdateall target groups except the group with the
smallest L.

Next, we estimated the IDs of subjectively equahparison targets by finding the 1D
values resulting in p = 0.5 for each measured payetric function. We followed a non-
parametric psychophysical approach called the &maaskarber method (Miller and Ulrich
2001). First, we used the frequency with whichhegaarticipant chose the reference target to
estimate that participant’s probability of choosthg reference target for each pair of targets.
To get a maximume-likelihood estimate of each pgréint’'s psychometric function for each
target group, we used a non-parametric approach fAger et al. (1955) to monotonize any
psychometric functions that were not completely otonic. This resulted in adjustments to 35
of the 616 probability values. We then estimatedID value that resulted in a probability of 0.5
for each psychometric function by interpolatingvibetn targets with probability values nearest

to 0.5. For each target group, we calculated teamiD value across participants and compared
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it to the expected ID (i.e., the ID of the referenarget) using a t-test. As shown in Table 1, the
mean IDs of the subjectively equal targets wereiaantly lower than the IDs of the reference

targets for all target groups except the group wWithsmallest .

Discussion

The present study used a two-alternative forcedeehtask to determine whether
individuals are consistent with Fitts’s law wherooking target-directed movements to minimize
MT. We found that participants chose the movemetiit the shortest MT almost perfectly in
situations in which visual cues provided clear @adiions of the correct choice—when one target
was closer, larger, or both closer and largersitbmtions for which there were no obvious visual
cues—when one target was closer and smaller—wengdsssome differences from the
hypothesized behavior. When faced with two targets had the same ID but a different D,
participants chose the closer target with probtsiignificantly greater than chance, indicating
that they believed that the closer movement hdtbaer MT. This was seen for all target
groups we measured, except the group with thees$tdts. As a result, participants’
subjectively equal targets were consistently aweel 1D than what was predicted, except for
movements of the shortest studied.DTherefore, it appears that people do choose ments
with knowledge of Fitts’s law, but they also shoygtematic deviations from Fitts’s law in some
situations.

To visualize the differences between expectednagasured subjectively equal targets,
Figure 3 plots our results in width-distance spaloag with lines of constant ID. In this view,
targets are represented as points in two dimendibax-axis indicates the target’'s W, the y-axis
indicates the target’'s D. We had predicted tHatfahe subjectively equal targets—the targets

that participants believed to have the same Mhagsdference targets—would fall on the curves
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of constant ID. This is the case for the targeugrwith the shortest,B, but the subjectively
equal targets from all other groups are at a Id@ahan their respective reference target. As a
result, lines connecting the reference targethécstibjectively equal targets have a lower slope
than the curves of constant ID.

To better represent the observed behavior, we Isedrfor a function that could
approximate the pattern of subjective MT (M) we observed. We tried several functions of
the parameters D and W, looking for a function tied constant values for each reference target
and its respective subjectively equal targets. fovied the greatest values for a group of
functions with the form M., = f(D/W) + g(D), where f(D/W) is a log or powerrfation of
D/W (as seen in almost all expressions of Fitag)land g(D) is a linear, square, or polynomial
function of D. The above equation suggests thdigg@ants were considering a subjective
measure of MT that was based on both Fitts’s lasiv[an These functions duplicate several
aspects of the results shown in Figure 3. Fingt,curves connecting reference targets to
subjectively equal targets are generally at a lssl@pe than the curves of constant ID, as seen
for six of the seven target groups. Second, tfierdnces in slope between these two sets of
curves increase with increasing D, as seen fothitee target groups that differed inD
Finally, the functions create curves of Mdthat are non-linear, with slopes decreasing with
increasing D and W. This agrees with our obseowatia small change in slope is apparent in
Figure 3 for the curve connecting the subjectivarjyal targets of the target groups that differed
in S, and larger changes in slope were prominetitarsame curve from 5 of the 11 participants.

The observed dependence on D is consistent wittethdts of one other study. As
indicated in the introduction, Decety and Jeannéi®@5) showed that motor imagery of a

virtual reality task was consistent with Fitts’svlaOne point on which they did not elaborate,
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however, was the variation in imagined MT for moesits of the same ID but different D.

Their experiment contained three data points vighdame ID but different D, and imagined MT
increased with D. We analyzed the data shownearptper and found that each increase in D
with constant ID resulted in a significant increaséhe imagined MT. Therefore, Decety and
Jeannerod’s study provides additional evidencepbaple can perceive movement durations
that are systematically different than the predicdiof Fitts’s law. The same analysis cannot be
duplicated for other motor imagery studies, as Deard Jeannerod (1995) was the only motor
imagery study that included more than one targ#t thie same ID.

Why would people consider D in addition to FittiElsr when predicting MT? Perhaps,
when estimating MT, people also consider the enexgyired to make the movement. The
energy expended in a target-directed movementaseewith the distance moved and the peak
velocity of the movement. Since both mean distanoeed and peak velocity increase with D
in target-directed movements (Mackenzie 1987),g@nerpenditure should also increase with
D. Optimal control models that can explain arnpectories and whole body movements often
include a measure of energy, so there is reasbalieve that participants consider energy when
planning movements (Pandy 2001; Todorov and Ja288R). Motor imagery experiments also
provide support for this possibility. It has bestiown that people will estimate longer
movement durations for movements that require reasrgy but equal MT, such as moving
heavier objects (Cerritelli et al. 2000; Decety &mtigren 1991).

While we have assumed that our participants’ MTslldidnave followed Fitts’s law, it is
also possible that our participants might have pced MTs inconsistent with Fitts’s Law.
Therefore, their decisions might reflect these nonforming MTs. While we cannot fully rule

this possibility out, as we did not measure MTdar participants’ movements, we do believe
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that it is unlikely. As we mentioned in the intuadion, Fitts’'s law has been shown to be robust
in a wide variety of tasks and populations over yngars of research. Almost every variation
of Fitts’s law (For a review, see Plamondon andmkl1997) relates MT to a function of D/W,

the hypothesis used in this paper. Further, theement targets we used—rectangular targets
that differ in W and D—and the population that veed—young, able-bodied adults—have been
commonly used in past research on Fitts’s law. hWhts background, we feel that it is unlikely
that the MT of our participants’ movements wouldidée from past research on Fitts’s law by
the same magnitude as the decisions they madteathsve believe that it is more likely that our
participants (and others) simply have a disparggneen their actual MT and their subjective
belief of MT, as demonstrated in the decisionshef task.

It is also possible that our participants’ prefeesreflect a consideration of more
complex trajectories than we expected. Becaudeipants were free to consider movements
that started from any point along the start liheytmight have considered curved movements as
a strategy to reduce MT. A curved trajectory woalldw a participant to end their movement
with velocity in the vertical direction (i.e. aligd with the longest dimension of the target). This
strategy might allow greater movement speed, apa@ntivariance tends to be greatest in the
direction of final movement velocity (van Beersa&t2004). While it has been shown that
movements with straight trajectories, even at aieato the target, follow Fitts’s law
(Mackenzie and Buxton 1992), it has not been shihahFitts’s law represents the MT for
movements with curved trajectories. We doubt plaaticipants were considering curved
movements, as all participants made straight mown&rauring the practice session. At the

same time, we cannot rule the curved movementbexause we didn’t require participants to
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make actual movements to the targets. Future wadlka version of this task that requires overt
movement to the targets can resolve this question.

It is worth noting that our results differ from thgreement with Fitts’s law seen in
similar studies, particularly that of Augustyn @Rdsenbaum (2005). In some ways, the task
used by Augustyn and Rosenbaum could be consi@eranalog to the task in the present paper,
using a different psychophysical method (Geschei@8i7). Their task used a method of
adjustment to determine the IDs for given movemenksle our task used a method of constant
stimuli to determine the preferred movement foegivDs. Differences in both motor actions
and task presentation might have caused the dispasults. First, participants in Augustyn and
Rosenbaum’s study had much more practice makiggtalirected movements than the
participants in our study. As a result, the pgtiats in Augustyn and Rosenbaum’s study likely
had a greater knowledge of their actual expected Wdditionally, our participants did not plan
movements to the targets as part of making a chaicereas the participants in Augustyn and
Rosenbaum’s study were required to prepare fordutarget-directed movements as part of
choosing a start location. As a result, it is gaeghat the participants in Augustyn and
Rosenbaum’s study benefited from the motor syst&mdsvledge when they chose a start
location.

In addition to differences in motor practice andnpling, factors of the task presentation
might have affected the way that participants nast@sions. There are many ways to ask
participants to compare two different movements;paper and that of Augustyn and
Rosenbaum present only two of these variationsis Aaown from the decision-making
literature, the way a decision is framed can haselstantial effect on the choices that

participants make (Tversky and Kahneman 1981). diffierence in results between our study
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and that of Augustyn and Rosenbaum is very int@ergsas it might present a situation in which
a framing effect is also seen for decisions on miatsks. There appear to be at least two
possible ways that the task presentation might a#feeted the decisions. First, we used two
movements in the same direction but with a diffestart point, whereas Augustyn and
Rosenbaum used two movements with the same stattlpg different directions. As a result,
our task might have encouraged people to emphtszdifferences between movements (i.e.,
the differences in D and the W of the targets), hs Augustyn and Rosenbaum’s task might
have encouraged people to find some type of miploliet that balanced the two possible
movements. Second, the participants’ choice beliawnight have been interpreted differently
based on differences in how target area was retatetget ID. Whereas the both groups of
authors calculated ID using W, our targets incréasearea linearly with W, whereas Augustyn
and Rosenbaum’s targets (circles) increased intaréiae square of W. This could lead to a
different interpretation of behaviour if people sater target area more than target width when
making choices.

In this experiment, we asked whether people exttigisame consistency with Fitts’s
law when choosing movements as they have in prewstudies of movement perception, motor
imagery, and preparation for future movements. [@participants followed Fitts’s law almost
perfectly when provided with visual cues indicatthg correct choice, they showed a bias for
closer movements when there were no visual cubss disparity between Fitts’s law and our
participants’ preferences suggests two thingsstRine existence of a disparfyovides
evidence that people choose movements in a waystivatonsistent with their actual
movements, indicating that people can behave stilbrally in at least one aspect of motor

planning. Several studies have shown that peagfern optimally in motor-planning tasks
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(Augustyn and Rosenbaum 2005; Trommershauser 20@h), leading some to suggest that
motor planning does not suffer from the sub-optitiea seen in some classical decision-making
tasks (Trommershauser et al. 2006). The presedy showever, suggests that optimal
performance is not universal in all motor planniagks, and that research should focus on
understanding the factors that lead people to parfiptimally. Second, the pattern of disparity
observed in this studsuggests a need for better understanding of teenalt measurements that
humans use when planning movements. Although adicgpants deviated from our definition
of optimal, this deviation was consistent acros®sd groups of targets. This pattern indicates
that the participants were making choices in aesyatic fashion, but that we, as experimenters,
don't fully understand the factors involved. Obly measuring the factors that cause people to
prefer one movement over another will we get adatierstanding of the way in which the
central nervous system plans movements (Kordirady @004). This knowledge is needed if we
hope to understand why people choose particulalemewnts over the myriad possibilities with

which they are faced every time they try to accashph goal.
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Table1l Target group parameters and results.

Target group parameters

Frequency at same ID

ID of subjectively equal target

Target Frequency Mean
Dref S X2 Y t
Group ID ret (across
(mm) (mm) (df =2) (df=10)
participants)

1 120 4 38 90 24.7 <0.001 3.29 -5.46 0.002
2 49 4 38 50 0.455 0.500 3.81 -0.724 0.485
3 227 4 38 109 69.9 <0.001 3.22 -6.76 <0.001
4 120 1 38 103 51.7 <0.001 0.94 -5.62 <0.001
5 120 2 38 101 46.6 <0.001 1.64 -15.4 <0.001
6 120 4 10 100 44.2 <0.001 3.68 -4.14 <0.001
7 120 4 152 92 28.1 <0.001 2.47 -4.77 <0.001

! Frequency with which participants chose the refeeetarget when the comparison target had same 1D
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Fig. 1 Two-alternative forced-choice task. Participardesidered movements starting
from any point on the vertical start line (rightls) and ending at any point within one of the
target rectangles (left side). Two parameterfieftargets were varied between trials: distance
from the start line to the center of the target, @jd target width (W). Target height was
constant at 100mm. Participants chose the téngethey perceived to require the shortest
movement duration. They indicated their choicelagcing the stylus into the selection rectangle

above or below the start line.
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ID of Comparison Targets

Fig. 2 Expected and measured psychometric functions frarget Group 1. We
expected the probability of participants choosimg rieference target (open circles and dashed
line) to be 0.0 for the target with greater W tlia@ reference (point with lowest ID); to increase
monotonically with ID for the targets with greai&rand greater D than the reference (6 points
with intermediate values of ID); and to be 1.0tfug target with greater D than the reference
(point with highest ID). Further, we expected gebability to be 0.5 for trials involving the
comparison target with the same ID as the referearget (for this target group, &= 4). The
measured probability across participants (closedes and solid line) increased monotonically
as expected, but the probability of choosing tlieremce was greater than 0.5 for the target with
ID = 4. As aresult, the ID value at which the gisymetric function was equal to 0.5 was lower

than 1Dt
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Fig. 3 Mean subjectively equal targets in width-distagpace. In this view, targets are
represented as points in two-dimensional widthagise space: the x-axis indicates the target’'s
W, and the y-axis indicates the target’s D. THerence targets (open circles) are connected to
their respective mean subjectively equal targdtséd circles) with light solid lines. Error bars,
where visible, indicate the standard error of theans over the participants. We had expected all
of the subjectively equal targets to lie on thevegrof constant ID (dash-dot lines labeled with

their respective ID value), but this is the casly éor the replication with the smallestdp



