L’'interception et ses différentes

lois de contrble

Interception d’'un mobile dans un environnement riche
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Environmental constraints modify the way an
interceptive action is controlled®

ABSTRACT

This study concerns the process by which agentsctseontrol laws. Participants
adjusted their walking speed in a virtual environmen order to intercept approaching
targets. Successful interception can be achievédavconstant bearing angle (CBA) strategy
that relies on prospective information, or with adified required velocity (MRV) strategy,
which also includes predictive information. We npanated the curvature of the target paths
and the display condition of these paths. The d¢ureamanipulation had large effects on the
walking kinematics when the target paths were mgpldyed (informationally poor display).
In contrast, the walking kinematics were less affédy the curvature manipulation when the
target paths were displayed (informationally ridspthy). This indicates that participants
used an MRV strategy in the informationally richsplay and a CBA strategy in the
informationally poor display. Quantitative fits dhe respective models confirm this
information-driven switch between the use of atetyg that relies on prospective information
and a strategy that includes predictive informatiMe conclude that agents are able of taking
advantage of available information by selectingitable control law.

2 Morice, A. H., Francois, M., Jacobs, D. M., & Maghe, G. Environmental constraints modify the way a
interceptive action is controlle@xp Brain Res, 2(2), 397-411.
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INTRODUCTION

During the last few decades, a number of laws afrobhave been proposed to account
for the perceptual control of goal-directed displaents (e.g., Chardenon, Montagne,
Laurent, & Bootsma, 2004; Peper, Bootsma, MestrdBakker, 1994; Warren, Kay, Zosh,
Duchon, & Sahuc, 2001; Wilkie & Wann, 2002, see &gajen, 2005a, for a critical review).
These laws of control have been shown to accounthi® behavior of different kinds of
agents, including humans, insects, and robots (Bucda Warren, 2002), and also for the
regulation of behavior under a wide variety of expental conditions (Chardenon et al.,
2005). Even so, it is probable that agents are tabselect different control laws in different
situations (e.g., use different control strateglepending on environmental constraints). To
give an example, a particular agent might use fareifit control law for the interception of a
fully predicable target movement than for an unmtadhle target. We believe that the
selection of control laws raises questions thatvaoethy of being addressed (cf., Lenoir,
Vansteenkiste, Vermeulen, & de Clercq, 2005; Sch&neose, 1992; Warren, 1988; Warren
& Kay, 1997). One might ask, for instance, how Wyde particular control law is applied or
if and how task constraints affect which contraV laas been selected. Such questions arise in
everyday situations. Consider a car driver thattbaadjust his or her forward motion with
respect to approaching vehicles. This might occuemthe driver arrives at a roundabout or
at an intersection with a bicycle path or an irgeti®n with tramlines. Depending on weather
conditions or the height of roadside vegetatiom, gath of the approaching vehicle might or
might not be visible. An intersection that is clgarsible under normal weather conditions,
for instance, might not be so with snowfall. To Wwkatent does the visibility of the path of
the approaching vehicle affect the driver’'s contbforward motion? Or, more generally, to
what extent does the visibility of the path of neatiof moving objects affect the control of
agents that interact with the objects? To addreisstype of questions we chose to use the
following experimental paradigm.

Participants in our experiment walked on a strajgdth through a virtual environment
and adjusted their walking speed in order to ipr@approaching targets. This paradigm is
well suited to our purpose because the visibilityhe target paths can easily be manipulated
and because different perceptual-motor strategm@sbe used to perform the task. A first
candidate control law is the constant bearing a(@®A) strategy. The bearing angle is the
angle subtended by the current position of theetaagd the direction of displacement of the

observer (Figure 28A). Using a CBA strategy meaatkiwg so as to maintain the bearing
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angle constant, which leads one to intercept thgetd The CBA strategy is prospective in
the sense that the absence of change in the beanglg informs participants about the
sufficiency of their current regulation. The strategives rise to an on-line control of the
action independently of the place and time of airof the ball (cf., Beek, Dessing, Peper, &
Bullock, 2003; Michaels & Oudejans, 1992; Montag?@05).
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Figure 28 : Schematic sketches of the experimentllyout. Participants walked on a rectilinear path ad
aimed to intercept balls that traveled toward their displacement axis. A: The natural informational
content of the agent-ball environment includes thebearing angle @), which forms the informational
support of the CBA strategy. The CBA strategy holdghat the agent’s velocity is regulated so as to neel
change ing. B: When the ball track is displayed on screen, thenformational content of the visual scene is
enriched relative to natural conditions. The distage to the interception point (P) is part of the
informational support of the MRV strategy.

Following Warren et al. (2001) and Wilkie et Warg2®©Q2), the CBA strategy can be

modeled with a point-attractor system architecture:

1

Yt)y=——
® 1+20Cx e

xk,x B(t—vmd) +k, xY(t) . (Equation 1)

In this equationY is the walking speed (in m/sY, is the acceleration (in m/s259, is

the rate of change of the bearing angle (in deyjth, 8>0 indicating an increase i), k; is

% Other prospective strategies are possible if tiseal environment contains a structured backgrouut.

instance, moving so as to keep the same distaatbbgcluded by the target would also lead to miberception
of the target.
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a parameter that modulates the strength of the liogupetweenY and &, andk, is a
parameter that modulates the strength of the dagmieirm. The parametermdis a visuo-

motor delay that is estimatedlie 100 ms (cf., Zago, Mclintyre, Senot, & Lacquar®€i09)?

The function;_loxt is an S-shaped or sigmoid activation function ofetit that
1+20Cxe

increases from close to O &0 to close to 1 at=1. This function accounts for the time
needed by agents to detect the bearing angle amlifyntbeir velocity accordingly at the
beginning of the trial.

We have previously shown that this apparently senquintrol strategy accounts for the
regulation of participants’ walking speed when tagkstraints are varied within trials
(Chardenon et al., 2005) and between trials (Bastiral.,, 2006b), and also when the
informational content of the visual scene is imp@hed (Bastin & Montagne, 2005) or
biased (Bastin, Jacobs, Morice, Craig, & Montag2@)8). The visual environments (non-
stereo images) that were used in these previoakesteonsisted of a textured ground plane
and the ball to be intercepted and, as such, pedvidw alternatives to the use of the CBA
strategy. In the current experiment, we presentitiaddl information, which allows
participants to use other control strategies, aedcé allows us to study if and how
individuals select among the different candidatatsgies.

In the framework of predictive strategies, bothcpland time of arrival of the ball act as
input variables. As an example, pre-programmedaefgive movements might be triggered
when predictive information reaches a thresholdiedTresilian, 2005; Tydesley & Whiting,
1975). Such strategies are likely to be used amlg limited range of interceptive tasks, for
instance when the movement time is very short anahen a moving target is intercepted
indirectly (e.g., Benguigui, Ripoll, & Broderick,0R3; Smith, Flach, Dittman, & Stanard,
2001). Given that the effectiveness of predictitrategies depends on the accuracy of the
initial predictions, any information that would @l observers to better discriminate the time
and place of arrival of the ball should be expedtedacilitate the operation of this type of
strategies. To our knowledge, however, no puredyigtive strategies have been proposed for

the interception of moving targets on foot, whitlosld not lead one to discard the possibility

“ Additional simulations were performed that usethy® of up to 0.2 s. These simulations led to reabty
similar predictions. The same was true for the rhaliscribed in Equations 2 and 3. We speculate ttat
precise value of the delay is not crucial in thaskt because the implied variables change fairlwiglas

compared to in faster interception tasks such ahicey.
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that predictive information is used as part of adine regulation processcf., Desmurget &
Grafton, 2000; Starkes, Helsen, & Elliott, 2002).

As an alternative to purely prospective and pupgbdictive control strategies, hybrid
strategies might involve information-based conothitectures that resemble prospective
ones but that include predictive information. Araewle of a hybrid strategy is the required
velocity model considered in this study (Figure 28B, Bastin et al., 2008). This model is
related to the required velocity model for hand eraents (Peper et al., 1994;, @dootsma,
Fayt, Zaal, & Laurent, 1997; Jacobs & Michaels,@00he model holds that

Y(t) =k, x (k2 XYoot —vmd) =Y (t - vma)) (Equation 2)
and that
Yo ® = (Ve ~Y®)/TTCQ) (Equation 3)

in which Y, Y, andY are the participant’s position, speed, and acatter. The parameter

vmdis the visuo-motor delay (100 m§5,,eq is the required walking speed is the future

interception position, and TC is the time remaining before the ball reactjesFinally, k;
andk, are constants.

Equation 2 holds that participants accelerate aiegrto a difference between the
actual and required velocities; at this level theategy is prospective in the sense that
participants are informed about the sufficiency tbe current regulations. Predictive
information is embedded in Equation 3 in the formtimne-to-contact information and
information concerning the future interception poiWwVith the inclusion of predictive
information the model differs from other requireelocity models. In fact, required velocity
models were introduced to provide an alternativehouse of predictive information (Peper
et al.,, 1994). To acknowledge this difference, wferto Equations 2 and 3 asrendified
required velocity (MRV) model.

To summarize, the control laws considered in thigl\s are a strategy that relies on

prospective information (the CBA strategy) and eatsgy that also includes predictive

® We tested several versions of the MRV model. Hawrethe additional simulations did not lead to d&ett

overall fits than Equations 2 and 3. The resultthefadditional simulations are therefore not regzbr
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information (the MRV strategy). The CBA strategyndze classified as a prospective control
law and the MRV strategy as a hybrid (prospectikedjztive) control law. The issue

addressed in the study concerns the possible mftlu®f environmental constraints on the
type of strategy used to intercept moving targets foot. As described below, the

environmental constraints that we manipulate contlee informational content of the visual
scene.

The selection of different laws of control accogliio the visual content of a scene has
previously been addressed by Lenoir et al. (20@8) asked volleyball players to intercept
volleyballs that approached them on straight ovedrtrajectories. The curved trajectories
were accompanied by spin of the balls, which wasemasible for colored balls than for
white balls. The players exhibited displacementrsals for curved trajectories, despite the
fact that the initial position of the players caaed with the place of arrival of the ball (see
Montagne, Laurent, Durey, & Bootsma, 1999, for milsir effect in one-handed catching).
These reversals indicate the operation of a présgetype of control in which players
maintain a lateral alignment with the ball. Intéiregly, the reversals were less pronounced
when colored balls were used, which is to say, wlbeal predictive information related to
spin was available. These results provide a firdication that environmental constraints (in
this case local information available on the hizklf) can affect the type of control law that is
selected to perform interceptive actions.

The present study further investigates and extend$ findings using a task that
requires whole-body displacements. More preciselg, test the robustness of the CBA
strategy in the presence of strong spatial infolwnatParticipants walked along a straight
trajectory through a virtual environment and thegrevasked to adjust their walking speed in
order to intercept moving targets. In previous expents, the curvature of the ball path has
been shown to influence the participants’ displaeei® as predicted by the CBA strategy
(Bastin et al., 2006b). In the present experimes, manipulated both the curvature of the
ball path and the display condition of the balllpdbok ahead to Figure 30B). Displaying the
ball path consisted of presenting the track folldviy the ball, from the starting position of
the ball to the place of contact, as a white sttim®ugh the virtual environment. In the
condition in which the ball path was displayed,dicgve information about the ball path
curvature and the place of arrival of the ball wasde explicit. This additional information
allows participants to use several control lawg] aence allows us to study if and how,
depending on the informational content of the emvinent, participants select among the

different candidate control laws.
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METHOD

Participants

Eleven male and two female students (mean age 25years) gave their informed
consent before participating in the experiment.yrak had normal or corrected-to-normal
vision, and their experience with ball games varikdocal ethics committee approved the

experimental protocol.

Apparatus

A general overview of the experimental set-up iespnted in Figure 29. The set-up
comprised a treadmill (Gymrol, BRL 1800), a largejection screen (2.3-m heigRkt3.0-m
wide), a video projector (BARCO IQ 500), and twanqmters (cf., Bastin et al., 2006b; de
Rugy, Montagne, Buekers, & Laurent, 2000). Paréioig walked on the treadmill, equipped
with a 0.6-m widex 1.80-m long moving belt that glided over a flatdangid surface.
Participants were attached to the back of the tndably means of a weight-lifting belt and a
rigid rod, which allowed small vertical and sidedanovements while participants walked on
the treadmill. The projection screen was positiomeffont of participants, at a distance of
0.70 m, providing a 118% 130° field of view. The velocity of the treadmillas sampled via
an optical encoder and sent by a RS-232 serial aorization to a PC workstation that used
this velocity to generate the movement of the \Jiseane. The visual scene was projected
onto the screen by a video-projector at an update of 60 frames/s. The visual scene
consisted of a textured ground plane (bricks),land.wide brown displacement axis, and a
spherical, moving, red target with a physical ditaneof 0.22 m and an optical size that
naturally expanded during the approaches. The adpatporal performance of the virtual
environment is estimated to allow the visual conseges of a change in walking speed to be
displayed within a maximum delay of 30 ms.
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Figure 29 : Overview of the virtual reality set-upand the visual scene that was projected onto thersen
in front of participants.

Experimental procedure

Before the experimental session, the initial veloof the moving belt was individually
adjusted until participants reported a subjectigelihg of an easy walking pattern. The
participant’s eye height with regard to the scre@s also customized before the experiment.
Once the participant stood on the treadmill, we suead his or her eye height and used this
measure to compute the visual scene. At the stagtch trial, participants were required to
stabilize their walking speed between 1.15 and 25 To do so, a visual gauge was
displayed on the projection screen, consisting wéréical white line of 0.3 m representing the
current velocity and a rectangular zone represgrdivelocity interval centered on 1.2 m/s.
To satisfy the initial task requirements, the lihad to be kept within the prescribed
rectangular zone. When the prescribed velocity weasntained for 500 ms, the gauge
disappeared and the trial began. The balls, whicheth at eye height, had to be intercepted at
the moment at which they crossed the displacemgi®t &0 achieve this, participants
regulated their walking speed, when deemed neggesgaias to be at the interception point at
the right time (5 s after the balls appeared). @atale visual feedback was given: a green
square was displayed at the end of successfud tiiad a red square at the end of unsuccessful
trials. A trial was considered successful if thstaince between the centers of the virtual ball
and the participant’'s head was less than 0.3 rheatrtoment at which the ball reached the

interception point.
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Independent variables

We manipulated the ball offset (three modalitiés® curvature of the ball path (three
modalities), and the display condition of the badith (two modalities). The three offset
conditions (i.e., different starting positions dfetball) were used in order to change the
position at which the balls crossed the displacderagis (see Figure 30A). These positions
were computed on the basis of the initial walkingeed (1.2 m/s). In the absence of
accelerations or decelerations, the balls woulder@dntact with the head in the 0-m offset
condition, pass 2-m in front of the head in the dffiset condition, and pass 2-m behind the
head in the -2-m offset condition. The reason fanipulating the offset was to force
participants to produce different displacement l&tipns and to prevent them from locating
the place of arrival of the balls too easily.

As also shown in Figure 30A, the balls approacHedgpa rectilinear path (no curvature
condition) or a curvilinear path (positive and nigacurvature conditions; cf., Bastin et al.,
2006b). In the curvilinear conditions, a constantvature of + 0.2 i was achieved by
making the ball move along (a portion of) an imagjncircle with a radius of 5 m, passing
through the departure and arrival points of thd. dal half of the trials, the ball-path-
displayed condition, the ball path was depictedhim virtual environment (sdeéigure 30B).
This was achieved by displaying a 0.2 m wide stfigem below the ball path throughout the
trial duration. Preliminary tests had indicatedtthach a stripe allows participants to better
discriminate ball path characteristics (i.e., ctmv@a and place of arrival). Positioning the
stripe on the floor was found to be less effectivethe remaining trials, the ball-path-not-
displayed condition, the ball approached withowt jtath being depicted in the virtual

environment.
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Figure 30 :(A). Bird's eye view of the displacemenéxis and the different ball trajectories. Participants’
displacements were constrained along the Y-axis. €hball followed a rectilinear path (curvature = 0 nt)
or one of two curvilinear paths (curvature = -0.2 ad +0.2 m'). The X-coordinate of the starting position
of the ball was always 5 m. The Y-coordinate of tkiposition was 9, 11, and 13 m, for the -2, 0, ar@ m
offset conditions, respectively. The Y-coordinatefahe interception point was 4, 6, and 8 m, for the-2, 0,
and +2 m offset conditions. (B). The visual scenena the display of the ball track as seen from the
perspective of participants. The display consiste@f a white stripe positioned 0.40 m below the path

followed by the ball.

The 18 experimental conditions (2 display condgi®gr8 offsetsx 3 curvatures) were
repeated 5 times each, giving rise to a total ofriéls that were presented in a random order.
A 5-min rest was given after 45 trials. Before #geriment, participants performed 36
training trials. Two repetitions of the 18 experitted conditions were used in the training

session. The whole experiment lasted approximatély
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Data analysis and dependent variables

The analyses focused on performance, on the walkimgmatics, and on the

explanatory value of the candidate perceptual-msitategies.

Performance

We used success rate (SR) and final spatial enmratoastant error (CE) to assess
participants’ performance. SR was computed in twiterent ways. A trial was deemed
successful if the Euclidian distance between theereof the head and the center of the ball
was reduced to less than 0.3 m (1) at the momenmthath the ball crossed the axis of
displacement (i.e., 5 s after the ball appearaoc€}) at any moment during the trial. SR was
calculated as the percentage of successful teddgive to the total number of trials. The CE
was calculated as the average signed distance #iengaxis between the center of the head

and the center of the ball at the moment at whiehball crossed the axis of displacement.

Kinematics

The analyses of the walking kinematics were basethe position-time series (sampled
at 200 Hz) for each experimental trial of each ipgrant. We used a forward and backward
second order low-pass Butterworth filter with a offtfrequency of 10 Hz. The time series
were averaged over intervals of 500 ms (correspmndipproximately to one step; for a
similar methodology, see Bastin et al., 2006b, svarren et al., 2001), with data being
synchronized at the moment at which the centeheftarget crossed the participant’s axis of
displacement. The main analyses focused on hovcipamts modified their walking speed in
the different experimental conditions.

Additional analyses were performed to ensure th@abbserved kinematics reflected on-
line regulations and not pre-programmed responeethe different target distances. To
achieve this, we computed the within-subjects \mlits in walking speed and current error
for each interval of 500 ms. The current errohis theoretical error that would be observed at
the interception point in the absence of furthereégrations and decelerations. An increase in
walking-speed variability indicates on-line regidas of walking speed, and a concomitant

convergence of the current error towards zero iespthat the observed regulations were
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adaptive (Camachon, Buekers, & Montagne, 2004; d&vam et al.,, 2002; Montagne,
Buekers, Camachon, de Rugy, & Laurent, 2003).

Perceptual-motor strategy

Two types of analyses were performed to test wigelceptual-motor strategy was
involved. First, to reveal the possible operatidracCBA strategy, we examined the time
course of the bearing angle (see also Bastin g2@06b). A bearing angle that remains
approximately constant during the course of a twaluld be in agreement with a CBA
strategy. Likewise, to reveal the possible operatd an MRV strategy, we examined the

time course of the difference between the requireldavior to succeed in the task and the
current behaviorY x TTC-[Y - Y, |; look back to Equation 3). These analyses arelairtu
the ones used by Peper et al. (1994) and Montatgaie (€999).

Subsequent analyses compared the observed anatpcelinematics. The observed
kinematics (walking speeds) were averaged for eexperimental condition of each
participant, hence removing the intra-participaatiability over the five repetitions of the
trials. The predicted kinematics were obtained byerically solving Equations. 1 and 2. The
best-fitting parameters (theaskand ks of the respective models) were determined foh eac
model and each participant, using the same parasnéte the different experimental
conditions. For the CBA model, k1 and k2 were vérfiom -0.1 to -0.01 in increments of
0.01; for the MRV model these parameters variethffbl to 2 in increments of 0.2. Hence,
100 combinations of parameter values were useddtin models. The predictions of the
models and the observed data were compared withrthef squares error (SSE), using the

complete trajectories with the exception of the (a5 s°
Statistics

Repeated measures ANOVAs were used to analyzerpeniee (SR and CE), walking
speed, and the robustness of the perceptual-motiegies (SSE). Partial effect sizes were

computed £?;) and post hoc comparisons were conducted using HA@Ry tests. The

® We did not use the final .5 s of the trajectobesause the walking speed changes predicted yBiemodel

are unrealistic for very near targets, especiallthe -2 m offset condition.
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value for statistical differences was set at 0AK.90 trials (successful and unsuccessful)

were used in the analyses.

Predictions

The considered MRV model is based, among otheg#hian the place of arrival of the
ball. Because the place of arrival is the samediffierent curvatures of ball path, the MRV
model predicts that the curvature manipulationsndbaffect the participants’ behavior. On
the other hand, the bearing angle is affected bytjectory curvature and, hence, the CBA
strategy does predict effects of curvature mantpura. These effects are most clearly
illustrated in the 0-m offset condition, in whicle khanges in walking speed are required to
intercept the ball. In this condition, when thejdcdory curvature is positive, a constant
walking speed gives rise to a decrease in beangtgdand thus to a negative rate of change).
The use of a CBA strategy therefore predicts atiainincrease in walking speed. Such an
increase would result in an increase in bearindeaimgthe second part of the trial, and as a
consequence to a decrease in walking speed iatdedart of the trial. The predictions of the
CBA strategy for a negative curvature are the oppad those for a positive curvature. With
regard to the display of the ball path, we expéuet tthe ball-path-displayed condition
facilitates the perception of the place of arriehthe ball. Since the place of arrival serves as
input to the MRV model, we expect that the MRV mloahght be used more frequently in
the ball-path-displayed condition than in the lpath-not-displayed condition. Relating this
to the previous arguments, an interaction betwbhercurvature and display manipulations is
predicted. Namely, the effect of curvature is pregli to be more pronounced in the not-

displayed condition because the MRV strategy mightised less frequently in that condition.

RESULTS

Performance

Figure 31A presents the SRs, computed in two wWakes first considered SR computed
with trials in which the Euclidian distance betwedbe agent and the ball was reduced to less
than 0.3 m at the moment at which the ball croskedparticipant’s displacement axis (plain
bars). This criterion indicated that participanitercepted the balls in 58% of the trials, on
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average. They achieved better interception scordéisei ball-path-displayed condition than in
the not-displayeatondition (71vs. 45%), and also in the rectilinear and negativevature
conditions as compared to the positive curvatureditmn (71 and 71%vs. 32%). In
experiments reported by Bastin et al. (2006a, j By Diaz, Phillips et Fajen (2009),
however, negative curvatures led to less accuratiopnance than positive curvatures. To
analyze this apparent difference with our resuktsalso computed SR with the trials in which
the distance between the agent and the ball waseddo less than 0.3 m during the overall

trial course (dotted bars). This analysis reve#ad interceptions occurred in more than 90%

of the trials.
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Figure 31 : Average success rate (A) and constantrer (B) as a function of ball path curvature and ball
path display. Two computations of success rate amisplayed in A. The plain bars depict the succesate
computed from the agent-ball distance at timé=5 (s). The additional dotted bars represent the suess
rate computed from the minimum of the agent-ball dstance across the overall time-course of the trial.
Vertical bars depict the standard error of the indvidual means.

A two-way repeated measures ANOVA (2 display caadgx 3 curvatures) with SR
(computed with the latter definition) as dependeariable revealed significant main effects
of display condition (1, 12= 20.69,p<.05, 73, = 0.63) and curvature
(F, 24y= 10.60,p<.05, 7%, = 0.47) but no significant interaction  F¢, 24
= 3.10,p>.05, 7%, = 0.21). A posteriori comparisons revealed that participants performed
better in the ball-path-displayed condition tharthe not-displayedondition (94vs. 86%),
and also in the rectilinear and positive curvatooaditions as compared to the negative
curvature condition (94 and 95% vs. 81%). The lamgyember of misses observed in the
negative curvature condition is probably due tofdwo that this measure accepts as successful

interceptions that could have occurred up to 00342 and 1.76 m behind the point at which
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the ball crossed the displacement axis, for negatrectilinear and positive curvatures,
respectively. This means that the interception wmds smaller in the negative curvature

condition than in the other curvature conditioree(Figure 32).
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Figure 32 : Interception windows for negative, redtinear and positive curvatures. The parts of the hll
trajectories and the participant’s locations from which the ball can be intercepted are indicated wittihick
blue and red lines. Interception could occur 0.30 nmbefore the point at which the ball crossed the
displacement axis and up to 0.30, 0.42 and 1.76 mhind this point, for negative, rectilinear and pogive
curvatures, respectively.

Figure 31B presents the CEs. A two-way repeatedsorea ANOVA (2 display
conditionsx 3 curvatures) on the CEs revealed a significaninmeffect of curvature
(Fe, 76)= 66.61,p<.05, 772, = 0.64) and a significant interaction
(Fe, 769= 19.15,p<.05, 73, = 0.34). The CEs confirm that participants tookadage of the
spatial interception windows. Indeed,pasteriori comparison revealed that the CE in the
positive curvature condition was different from teeors for the other curvatures; with
positive curvatures, participants arrived earlytlae interception point (negative errors),
whereas they arrived slightly late at the intermpipoint in the other curvature conditions
(positive errors). The interaction indicates tha effect of curvature was more pronounced

when the ball path was not depicted on screen.
Kinematics

Figure 33 presents the average walking speed$iéoditferent experimental conditions.
The same pattern of results is apparent for tHereifit offset conditions. Let us first consider

the condition without a visible ball path (uppempbs). In the first part of the trials, the
walking speeds in the positive curvature condifidied triangle symbols) are higher than the
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walking speeds in the rectilinear condition (fillequare symbols) which, in turn, are higher
than the walking speeds in the negative curvataraition (filled circle symbols). Opposite
effects can be observed in the final part of tiedsr In the condition with a visible ball path
(lower panels), the differences between the cuaredess pronounced. Hence, the curvature

manipulations seemed to have a larger effect iratisence of the visible path.
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Figure 33 : The time course of the average walkingpeed as a function of the target offset, the bgtlath
display, and the ball path curvature (filled circle symbols depict the negative, filled triangle symbs the
rectilinear, and filled square symbols the positivecurvature conditions). The right column shows the
within participant variability of walking speed and current error averaged for all target offsets as a
function of curvature.

To test these effects we performed a three-wayatedemeasures ANOVA (2 display
conditionsx 3 curvatures 10 time intervals) with walking speed as dependemiable for
each offset condition. Let us describe the redolitdhe 0 m offset condition. This analysis
revealed significant main effects of display comaht (F(1, 12)= 12.63,p<.05, 7%, = 0.51),
Curvature E, 24y= 44.32,p<.05, 7%, = 0.79), and time intervaF({o, 105y= 6.30,p<.05, /7%, =
0.34). We also found significant interactions betwedisplay condition and time interval
(F(o, 108)= 16.92,p<.05, 772, = 0.58), display condition and curvature
(F2, 24y= 23.07 p<.05, 1%, = 0.66), curvature and time interval
(F@s, 216)= 20.20,p<.05, 7%, = 0.63), and between Display Condition, Curvataed Time
Interval Fqs, 216)= 9.96,p<.05, /7%, = 0.45). Most interestingly, post hoc analysedqrared
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on this last interaction revealed that the timersewf walking speed was affected differently
by the curvature manipulations depending on thegmee (or not) of a ball-path display. The
statistical results for the other offset conditionsre similar (see Table 1). Overall, the

ANOVAs confirmed the trends previously observedrigure 33.

Table 1

Results of the ANOVAs performed on the walking-speeofiles for each offset condition (-

2,0 and +2 m).
Offset = -2m Offset=0m Offset = +2m
Effect ANOVA P ANOVA P ANOVA P
Ball-path-display | Fq 12 = 10.40p<.05" | 0.57 | Fq 12=12.63p<.05" | 0.51| Fy, 15 =30.68p<.05" | 0.72
Curvature Fo.00y = 77.76p<.05" | 0.77 | Fp 4= 44.32p<.05 | 0.79| F 24 =5.88p<.05 | 0.33
Time interval Flo, 108 = 76.20p<.05 | 0.33| Fg 108=6.30,p<.05" | 0.34 | Fg 10 = 63.96p<.05 | 0.84
Ball-path-display | F 108 = 2.75,p<.05 | 0.64| F(g 108= 16.92p<.05" | 0.58 | Fo, 108y = 9.74,p<.05" | 0.03
x time interval
Ball-path-display | F, 24 = 26.19p<.05" | 0.59| F 24=23.07p<.05 | 0.66 Fe, 249 = -32,p>.05 0.05
X curvature
Curvature x time | Fas, 216) = 40.30p<.05" | 0.64 | Fyg 216= 20.20,p<.05" | 0.63 | Fy1g, 216 = 20.21p<.05" | 0.63
interval
Ball-path-display | Fus, 216) = 21.51p<.05" | 0.46 | Fsg 216= 9.96,0<.05" | 0.45 | Fug 216 = 8.75p<.05 | 0.42
X curvature
x time interval

The differences between the speed profiles in theerce of a ball-path display are
consistent with the operation of a CBA strategyd #re reduction of the differences between
the speed profiles in the presence of a visiblé fegth indicates the operation of a strategy
that relies on the place of arrival of the balklsas an MRV strategy that includes predictive
information. The predictive values of the CBA andkWi strategies are addressed in-detail in
the next section. However, we first consider théhintparticipants variability in walking
speed and current error (Figure 33, right colunime figure shows a gradual increase in
walking-speed variability in the two display condits. The current error variability increases
until 2.5 s and then decreases until intercepthmexpected, this variability pattern suggests
functional regulations of walking speed due to ime-perception-action corrections. Note that
these variability patterns of walking velocity aadrrent error occurred even when the ball
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path was visible, hence ruling out the possibitliat participants used a purely open-loop

strategy also in this condition.

Perceptual-motor strategy

Figure 34 presents the time course of a quantitytee to the MRV model (upper
panels) and of the bearing angle (lower panels),dite representative participant. The
quantity related to the MRV model (look back to Btjon 3) converges toward zero earlier
and more in theball-path-displayed condition (right panel, on tdpan in the condition
without the path display (left panel, on top), icating the operation of an MRV strategy only
in the presence of a visible ball path. The timarse of the bearing angle is plotted along
with the time course of the bearing angles that ldrdwave occurred if participants had
maintained a constant walking speed, assumingtliegt adopted the speed that would lead
them to intercept the balls. Without a visible hadith, the observed bearing angles deviate
from the hypothesized constant speed bearing amgéefore the end of the trials, and the
deviations are in the direction of keeping the lmgpangle constant. Such adaptations are less
pronounced or even absent in the condition in wihehpath is displayed. This is consistent
with the operation of a CBA strategy in the pregeota visible ball path.
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Figure 34 : The raw-data time course, for a represative participant, of the quantity YxTTC-(Y-Y,) and
of the bearing angle as a function of target pathwrvature, target offset, and ball path display (eft panel
ball-path-not-displayed condition; right panel, ball-path-displayed condition). Top panels display the
quantity YxTTC-(Y -Y,) which represents the difference between the distar that would be traveled if the
participant would maintain the current velocity unchanged until contact and the current distance from
the participant to the interception point. Higher frequency components correspond to increases and
decreases of the walking speed due to footstegower panelsdepict the time course of the recorded
bearing angle that is plotted along with the time ourse of the theoretical bearing angless(raight lines)
that would have occurred in the absence of chang&s the optimal velocity required to intercept the tall

(0.8, 1.2 and 1.6 m/s for the offset -2, 0 and +2, mespectively). The hatched gray area depicts tHast 0.5 s
of the trials, in which bearing angle display chaat changes for near targets.

Figure 35 illustrates the walking kinematics foe thntire group of participants, along
with the numerical simulations of the candidate gisdfor the 0-m offset condition. The gray
area in the figures is the area between the avevatieng speed plus and minus one standard
deviation. The best-fitting predictions of the CBAd MRV models are represented by the
dotted and solid curves, respectively. Overall,dbded curves (CBA) seem to approximate
the gray area better than the solid curves (MRV}h@ ball-path-not-displayed condition
(upper panels), whereas the solid curves approgirtieg gray area better in the ball-path-

displayed condition (lower panels). Hence, the CBt#kategy seems to be of better
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explanation of the walking kinematics in the coimgitwithout visible ball path, whereas the

MRYV strategy seems to be of better explanatioméncondition with a visible ball path.
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Figure 35 : Average observed walking speeds for thentire group of participants (n=13) and the best-
fitting numerical simulations of the average obsergd walking speed provided by the CBA and MRV
models, as a function of ball path curvature and diplay condition, for the 0 m offset condition. Thaupper
and lower bounds of the gray area are the averageéserved walking speed + one standard deviation. The
hatched part of this area depicts the last 0.5 s dffie trials, which was not used for the simulationsCBA
numerical simulations are depicted with a dotted e and MRV simulations with a solid line.

To test these results, a two-way repeated measukdEOVA (2 display
conditionsx 2 models) was performed on the SSE values obtdgéddting the two models
to the observed kinematics. The ANOVA revealed gnificant main effect of display
condition (1, 1278.63, p<.05, 772, = 0.37), a significant main effect of model(F.=7.18,
p<.05, 7%, = 0.42), and a significant interactidf{ 12)= 34.81,p<.05, 772, = 0.74).
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The interaction is illustrated in Figure 36. Plogt tests revealed that whereas the errors
for the CBA model were smaller in the ball-path-dagplayed condition than in the ball-
path-displayedcondition (0.7%s.1.57 nf/s?), the opposite was true for the MRV model
(1.19vs..70 nf/s?). This confirms the trends previously illustratad=igure 34 and Figure 35.
The SSE values of the individual participants amel llest-fitting parameters are presented in
Table 2.
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Figure 36 : Average individual values i = 13) of the sum of squares error $SE) obtained from

comparisons between individual walking-speed profds and the numerical simulation of the CBA and
MRV models for the different display conditions. The vertical bars depict the standard errors of
individual means. Asteriskindicates statistical difference (post hoc Tukey'$1SD test,p < 0.05), whereas
“ns’ indicates the absence of a statistical differencgp > 0.05).
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Table 2
Sum of squares error (SSE, in m/s) expressing tla@tdative fit of CBA and MRV models

to the observed kinematics and the average bésgfiharameters for each model in the two

display conditions for each participant (n = 13).

) Laws of control
g g
&| S CBA MRV
o 5
o
SSE k ko SSE k ko
1 0.97£1.38 | -0.05 -0.03 1.13+£0.96 0.90 1.30
2 0.81+1.2 | -0.05 -0.04 1.1+0.73 1.10 1.30
3 0.67 £0.88 | -0.05 -0.03 0.74 £0.33 0.70 1.10
- 4 0.78+£1.18 | -0.06 -0.03 1.36 £1.16 0.90 1.30
% 5 0.91+1.08 | -0.04 -0.04 0.4 +£0.33 0.50 1.10
% 6 0.55+0.63 | -0.06 -0.03 1.02 £0.79 0.90 1.30
< 7 0.79+1.21 | -0.03 -0.03 1.06 £0.82 1.10 1.30
8 8 0.81+1.05 | -0.03 -0.03 0.83+0.72 1.10 1.10
= 9 0.56+0.6 | -0.06 -0.02 222+1.77 1.10 1.50
g 10 0.72+0.69 | -0.07 -0.03 157 +1.54 1.10 1.30
=z 11 0.84+£0.74 | -0.06 -0.03 1.25 +£0.97 0.90 1.30
12 0.97+1.54 | -0.05 -0.03 0.97+£0.8 0.90 1.30
13 0.62+0.76 | -0.08 -0.05 1.78 £1.49 1.10 0.90
Mean 0.77 -0.05 -0.03 1.19 0.95 1.24
Std 0.14 0.01 0.01 0.47 0.19 0.15
1 1.73+£1.85 | -0.05 -0.03 0.68 £0.43 0.90 1.30
2 1.49+£1.52 | -0.05 -0.04 0.51+0.48 1.10 1.30
3 0.64 £0.83 | -0.05 -0.03 0.84 £0.54 0.70 1.10
4 1.71+£1.15 | -0.06 -0.03 0.57 £0.28 0.90 1.30
> 5 1.09 £1.09 | -0.04 -0.04 0.18 £0.1 0.50 1.10
= 6 157+1.14 | -0.06 -0.03 1.01£0.73 0.90 1.30
% 7 1.63+£1.44 | -0.03 -0.03 0.82+£0.62 1.10 1.30
(EB 8 1.22+1.32 | -0.03 -0.03 0.46 £0.35 1.10 1.10
o 9 217 +1.34 | -0.06 -0.02 1.3x1.1 1.10 1.50
g_.g 10 251+1.38 | -0.07 -0.03 0.74 £0.38 1.10 1.30
11 1.5+156 | -0.06 -0.03 0.89+£0.91 0.90 1.30
12 1.61+£1.72 | -0.05 -0.03 0.5+0.42 0.90 1.30
13 1.59+2.72 | -0.08 -0.05 0.58 £ 0.59 1.10 0.90
Mean 1.57 -0.05 -0.03 0.70 0.95 1.24
Std 0.46 0.01 0.01 0.28 0.19 0.15
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DISCUSSION

The aim of this study was to determine to what mixevironmental constraints affect
the selection of control strategies. More precisele set out to study whether the
informational content of a visual scene affectsalhtontrol law is selected by participants
who control their forward walking speed in order itdercept approaching targets. We
manipulated the curvature and display conditionghef ball trajectories. On the basis of
previous research, it was hypothesized that pescgiwould use a strategy that relies upon
prospective information (the CBA strategy) in thesence of a ball-path display. It was
further hypothesized that displaying the ball tcégeies would allow participants to integrate

predictive spatial information as predicted by aRWicontrol law.

CBA versus MRV strategies

In the absence of a ball-path display, differerioebie curvature of the target trajectory
give rise to differences in the walking-speed pesti This indicates the operation of a CBA
strategy. For example, in the 0-m offset conditiomwhich a constant speed is sufficient for
interception, a positive curvature goes togetheth v decrease in bearing angle and a
corresponding increase in walking speed. This mmeein walking speed gives rise to an
increase in bearing angle in the second part ofrthle which is accompanied by a decrease in
walking speed close to target contact. Also in #issence of a path display, negative
curvatures were found to have the opposite effacthe walking speeds, again as predicted
by the CBA strategy.

This support for the CBA strategy is consistenthwgtevious results (e.g., Bastin et al.,
2006b, 2008). The main interest of our study, haweles in the condition with the display
of the target path. In this condition, the velogmyfiles obtained for different curvatures are
more difficult to distinguish. If we focus on then® offset condition, the velocity profiles
obtained in the negative curvature condition aitestightly different from the other ones, but
the speed modifications do not match the predistiohthe CBA strategy anymore. Rather,
the results seem to call for the operation of atsgy based (at least partly) on predictive
information.

These findings are confirmed by the quantitatite fietween the candidate models and

the observed speed modifications. In the abseneepath display, the CBA strategy provides
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a better account of the speed modifications thanMRV model. In contrast, in the presence
of the display, the MRV model provides a bettercatt of the kinematics. Hence, assuming
that our laboratory results generalize to more nahtenvironments, we conclude that

observers use different control laws in differatiaions.
Optical correlates for the MRV model

The formulation of the MRV strategy presented inu&ipns 2 and 3 is based on
physical variables. Obviously, the strategy is lgabnly if perceptual correlates of these
variables exist. Let us address this question bef@ discuss our results in a broader context.
The issue related to the perception of the speedatifinear self-motionY in Equation 2) is
well documented. Several optical variables inclgdiobal optic flow rate (GOFR) and edge
rate (ER) have been shown to be useful in thisrdegahas been argued that these optical
variables are used simultaneously for the percepioself-motion (Larish & Flach, 1990)
and the control of goal-directed actions (FajenQ5t). Hence, even though the relative
contribution of each variable seems to depend ertdbk at hand, there is evidence in favor
of the use of GOFR and ER.

The required velocity\(req in Equations 2 and 3) is a composite variable iheltides

the current distance to the interception point Hreltime remaining before the ball reaches
the interception point. Several candidate varialt@s be considered as information about
distance. The height of the interception point isual field might appear to be one of them
(e.g., Ooi, Wu, & He, 2001). The ball path, howeweas displayed as a stripe just below the
ball (i.e., above the ground plane), which mears the use of this optical variable would
have led to an overestimation of the current distaftven so, it remains possible that the
practice trials allowed participants to adapt tds tdiscrepancy between the actual and
specified distance. Alternatively, participants htiave used variables in the changing optic
flow that specify the distance to objects (not seely on the ground surface) in units of
eye-height or stride length (e.g., Equations 2 4ma Warren, 2007; cf., Lee 1974). Distance
in units of stride length, for example, is spedifigy the ratio of théau-value of the object to
the duration of a stride.

A final optical specification that is necessary tbe MRV strategy to be viable is the
specification of time to contact. This issue is miial among other reasons becatese(Lee
& Reddish, 1981¢f. Bootsma & Oudejans, 1993) does not provide ridiaistimates of time
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to contact for approaches on curved trajectoriesn @ahe present study. Nevertheless, Kerzel,
Hecht et Kim (2001) showed that participants arke @b accurately judge time to contact
even in the case of curved trajectories. In thieidys the judgments of participants seemed to
be based on optical velocity changes. Altogethee, perceptual support for the physical
quantities involved in the MRV strategy indeed seetm exist. Further experiments are

required to test the optical basis of the strategy.

Efficiency, flexibility, and lawfulness

Why would perceivers select a strategy that inwlypeedictive information in the
presence of the ball path display? After all, ohéhe main advantages of the prospective
CBA strategy is that it remains available indepentigeof environmental constraints; as soon
as the ball is visible, the strategy can be useast{B & Montagne, 2005). One might
hypothesize that the use of a strategy that ingpredictive information (the MRV strategy)
is due to an efficiency principle. Even though @A strategy allows perceivers to get to the
right place at the right time, in some cases,\egirise to unnecessary adaptations in walking
speed. Such unnecessary adaptations are illustbgtete effects of curvature in the 0-m
offset condition, in which the targets can alsariercepted without any changes in walking
speed. The MRV strategy minimizes unnecessary atiaps.

However, in the absence of sufficiently precisedmtive information, or if the
predictive information is difficult to detect, these of strategies that involve predictive
information might involve larger risks. In such atimstances, errors in the detection of
predictive information might lead to unsatisfact@grformance. In the condition without a
path display, which was less informationally righarticipants appeared to avoid these errors
by the use of the prospective strategy. In shatii@pants in our experiment showed the
capacity to select the type of control that takégaatage of the information that happens to
be available in the visual scene, while maintairhigh levels of performance throughout the
experiment.

A number of recent studies provide further evidefacehis apparent plasticity of the
perceptual-motor organization. For example, variostsidies have shown how the
combination of several (redundant) perceptual Wéem within a single law of control
provides a robust and adaptive control mechanisg, (Bastin et al., 2006a; Bruggeman,
Zosh, & Warren, 2007; Warren et al., 2001; WilkieV@ann, 2003; Wilkie & Wann, 2005).

Our results reveal that this flexibility also ocsuat the level of the laws of control; several
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control strategies take part in the perceptual-matoganization. Given the flexible
organization of perception-action systems, themagor challenge for scientists becomes to

discover lawfulness in this flexibility.

CONCLUSION

Although the CBA and MRV strategies provided readsy good fits, part of the
observed changes in walking speed could not beagqud. Let us briefly consider three
possible ways in which the predictions might berowed. First, the individual control laws
might be optimized, more like the way in which wedified the original RV model (Peper et
al., 1994). Second, the considered control lawsldcdae merged into a higher-order
architecture that depends on one or more additipasameters (Warren et al., 2001). This
would be equivalent to creating a continuous spaw@é each point of which represents a
control law. Selecting a control law then meansaeig a locus in the control-law space (the
action-equivalent of the notion of information spae.g., Jacobs, Silva, & Calvo, 2009). A
third possibility can be found in the suggestioat thgents regulate their movement to achieve
optical states (i.e., a constant bearing anglejoate point in the future (Diaz et al., 2009),
perhaps with less predictable environments leattngemporally nearer control and more

predictable environments to more temporally distamitrol.
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