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GE-RELATED DECLINE IN SENSORY PROCESSING FOR

OCOMOTION AND INTERCEPTION
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bstract—The ability to control locomotion through the en-
ironment and to intercept, or avoid objects is fundamental to
he survival of all locomotor species. The extent to which this
ontrol relies upon optic flow, visual direction cues or non-
isual sensory inputs has long been debated. Here we look at
he use of sensory information in young and middle-aged
articipants using a locomotor-driven interceptive task. Both
roups of participants were asked to produce forward dis-
lacements in more or less impoverished environments by
anipulating a joystick and to regulate, if necessary, their
isplacement velocity so as to intercept approaching targets.
e show that the displacements produced by the middle-

ged participants were more nonlinear in comparison with
oung participants. The errors in the middle-aged group can
e accounted for by a constant bearing angle (CBA) model
hat incorporates a decrease in the sensitivity of sensory
etection with advancing age. The implications of this study
o a better understanding of the mechanisms underlying the
etection of the rate of change in bearing angle are
iscussed. © 2011 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: bounded-CBA, aging, interception, virtual reality,
ocomotion, sensory processing.

hat perceptual-motor organization is involved in the con-
rol of goal-directed locomotion? This question has moti-
ated a large number of studies over the last decade,
hich have led to important insights into the underlying
echanisms (e.g., Rushton et al., 1998; Warren et al.,
001; Wilkie and Wann, 2002; Bastin et al., 2006a; Fajen
nd Warren, 2007). Taken together, these studies have
hown that participants can take advantage of the percep-
ual information available in the perceptual flow produced
y their displacements, so as to produce online locomotor
djustments. This perceptual-motor dialogue can be for-
alized through task-specific laws of control linking a
ovement parameter to a perceptual information (Warren,
988, 2006). The underlying idea of such laws, which
xpress the circularity of the relations between information
nd movement, is that some invariant properties in the
erceptual flow specify the current state of the relationship

Corresponding author. Tel: �33-491172202; fax: �33-491172252.
-mail address: antoine.morice@univmed.fr (A. H. P. Morice).
a
bbreviations: AE, absolute error; CBA, constant bearing angle; IP,

nterception point; SSE, sum of squares error.

306-4522/11 $ - see front matter © 2011 IBRO. Published by Elsevier Ltd. All right
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inking an agent to his/her environment. This dynamically
pdated relationship would allow functional locomotor ad-
ptations to take place, which in turn would modify the
erceptual flow, and so on and so forth.

Following this logic, specific laws of control have been
hown to account for the regulation behavior of partici-
ants performing heading tasks (Warren et al., 2001;
ilkie and Wann, 2003), locomotor pointing tasks (Warren

t al., 1986) or interceptive tasks (Chardenon et al., 2004).
nterceptive tasks have deserved a special interest, not
nly because many daily activities rely on the ability to

ntercept and/or to avoid moving objects (in sport, in driv-
ng, or while walking in a crowded street), but also because
hey can provide insights about the central control of ac-
ions characterized by severe spatial-temporal constraints.
t has been suggested that individuals intercepting moving
argets rely on a law of control (Eq. 1) which links the
ubjects’ acceleration to the rate of change in bearing
ngle (Chapman, 1968; Chardenon et al., 2002; Lenoir et
l., 2002, see Fig. 1). The bearing angle corresponds to

he angle subtended by the current position of the target
nd the direction of the subjects’ motion. This type of
trategy for controlling self-displacements during intercep-
ive tasks is known as the constant bearing angle (CBA)
trategy.

Using the CBA strategy, the moving object will be
ntercepted if the observer cancels any change in the
earing angle by accelerating or decelerating accordingly.
n increase in bearing angle informs the participant that
e/she will reach the interception point before the target
nd tells him/her to decelerate accordingly. Conversely, a
ecrease in bearing angle informs the participant that the
bject will reach the interception point before him/her and
rompts him/her to accelerate accordingly. Finally when
he bearing angle is kept constant, no change in velocity is
equired to intercept the target. The participant will inter-
ept the moving object if he/she succeeds in maintaining
is/her current velocity. The CBA strategy can be modeled
y relating the participant’s acceleration to the rate of
hange of the bearing angle, with a damping term allowing
he system to match the required value smoothly and to
void oscillations around the stable state (Fajen and War-
en, 2003; Wann and Wilkie, 2004; Bastin et al., 2006a)
Eq. 1).

Ÿ � k1�
1

1�200�e(�10�t)��̇ � k2�Ẏ (Eq.1)

n this equation, Ẏ and Ÿ are the participant’s speed and
cceleration, respectively, �̇ is the rate of change of the
s reserved.

mailto:antoine.morice@univmed.fr
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earing angle, k1 is a parameter that modulates the
trength of the coupling between the acceleration and the
ate of change of the bearing angle, and k2 is a parameter
hat modulates the strength of the damping term. The

unction
1

1�200�e��10�t� is an activation function.

The use of the CBA strategy has been evidenced in
tudies which have manipulated task constraints such as
all speed (Lenoir et al., 2002), angle of approach (Chard-
non et al., 2005) or ball trajectory curvature (Bastin et al.,
006a). In these studies, the CBA model could explain as
uch as 80% of the total kinematics variance. Interest-

ngly, the CBA strategy can also explain children’s (from 10
o 12 years old) locomotor behavior while intercepting
oving balls (Chohan et al., 2008) and locomotion pro-
uced by different animal species (fishes, dragonflies)
hile intercepting prey (Lanchester and Mark, 1975; Ol-
erg et al., 2000).

Since the generalization of the CBA strategy appears
ell established, recent investigations have focused on the
ensory signal that the brain uses for detecting the rate of
hange in bearing angle. The global optic flow field pro-
uced by the moving observer has been identified as a
ower source of information for detecting this rate of
hange (optic flow signals) (Chardenon et al., 2004). In-
eed, because the focus of expansion specifies the direc-
ion of the observer’s motion, an easy way to detect the
earing angle is to relate the current position of the mobile
o the focus of expansion. The detection of the bearing
ngle remains possible, however, in the absence of optic
ow, provided that the observer is able to relate the current
osition of the object to his/her midline body axis. This
gocentric frame of reference is built through the integra-
ion of body-related signals, in particular those coming

ig. 1. Bird’s eye view of the experimental layout. Participants pro-
uced forward displacements on a rectilinear path and aimed to inter-
ept balls that crossed their displacement axis with an angle of 45°.
ptical angle of interest is the bearing angle �. For interpretation of the

eferences to color in this figure legend, the reader is referred to the
eb version of this article.
rom the vestibular apparatus and from the extra-ocular t
nd neck muscles (Paillard, 1987; Jeannerod, 1991;
louin et al., 2007). Moreover, the accuracy with which
articipants refer a moving object with respect to their body
an be improved when body-fixed visual references are
resent in the environment (e.g., a dashboard when driv-

ng, a handlebar when cycling; Wilkie and Wann, 2002).
Several studies have been designed to determine how

he different sources of information are integrated for de-
ecting the rate of change in bearing angle (Chardenon et
l., 2004; Fajen and Warren, 2004). These studies are all
ased on the same methodology which involves in render-

ng irrelevant a given source of information (e.g., the focus
f expansion no more specifying the actual direction of
isplacement) and recording the behavioral consequences
f this experimental manipulation. Such information ma-
ipulation has been achieved, for instance, by laterally
isplacing the ground plane during self displacement in
irtual reality, so as to make irrelevant the position of the
ocus of expansion (Chardenon et al., 2004), by displacing
isual landmarks materializing the midline body axis (Bas-
in and Montagne, 2005) and by vibrating the neck muscles
Bastin et al., 2006b) in order to bias the egocentric en-
oding of the target motion direction. Taken together,
hese studies have shown that the different perceptual
ignals contribute jointly to the detection of the rate of
hange in bearing angle. However, the weighting of the
ignals during this integrative process appears highly con-
ext-dependent. The optic flow signal would have the
reatest weight when the visual environment is well struc-
ured (Bastin and Montagne, 2005; see Warren et al., 2001
or a similar result with heading tasks). In visually impov-
rished environments, the egocentric frame of reference
ould gain in importance (Bastin et al., 2006b).

It is worth noting that all the experiments reviewed so
ar put the emphasis on the perceptual-motor mechanisms
llowing young adults to control goal-directed locomotion.
n the present experiment, we focused on the much less
ocumented effect of age on these control mechanisms.
ging is generally associated with a decrease in perfor-
ance in various sensorimotor tasks, including intercep-

ive tasks (Spirduso and MacRae, 1990). This perfor-
ance decline is known to appear even in moderately
dvanced age (e.g., 50–60 years, Sarlegna, 2006). Fac-
ors contributing to the elders’ deficit in intercepting moving
bjects could include increased perception thresholds in
he detection of motion (Warren et al., 1989; Tran et al.,
998; Andersen and Enriquez, 2006) especially for trans-

ational motion (Billino et al., 2008). Here we tested
hether providing visual information that is known for be-

ng informative of the speed and direction of the partici-
ant’s displacement (e.g., optic flow, body-fixed visual

andmark) can help middle-aged adults to compensate, at
east partly, for the deteriorating effect of aging during an
nterception task. We also tested young adults for compar-
son. The second (related) aim of the experiment was to
est to what extent the bearing angle strategy (Eq. 1) could
ccount for the locomotor adjustments produced by the

wo groups of participants.
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EXPERIMENTAL PROCEDURES

articipants

ourteen females, self-declared right-handed and having normal
r corrected-to-normal vision participated to the experiment. They
ere divided into two experimental groups: Young (n�8, 23.8�
.1 years old) and Middle-aged (n�6, 57.85�1.95 years old)
dults. The subjects gave their informed consent before partici-
ating in the experiment. They all had normal or corrected-to-
ormal vision. A local ethics committee approved the experimental
rotocol.

pparatus

he virtual reality set-up (Fig. 2) consisted of two PC Dell work-
tations (Optiplex GX 240), a joystick (saitick AV8R), a Barco
ideo-Projector (BARCO IQ R500, refreshing rate: 60 Hz) and a
.3-m high�3-m wide projection screen. The visual scene was
rojected on the screen, placed 0.70 m in front of the seated
articipants (providing a 117°�130° field of view). Participants
eld an analog 2-directions joystick in their right hand with their
rm resting on a table. Participants could increase (decrease)
heir forward acceleration by pushing (pulling) the joystick from the
eutral initial position up to an acceleration (deceleration) of 0.75
/s2 (�0.75 m/s2). Resulting speed was bounded from �0.8 m/s

o 3.2 m/s, corresponding to the human span of walking speed.
hen the joystick remained in neutral position, no acceleration or

eceleration occurred, allowing to keep the current velocity con-
tant. Participants wore glasses to prevent them from seeing both
he joystick and their own hands. The position of the joystick was
ampled at 200 Hz and sent to a host computer which computed
n-line the position of the participant in the virtual world. From this
osition data, the visual scene was projected onto the screen by
he video projector.

ask and procedure

he experiment was divided into three sessions. The first session
llowed the participants to calibrate themselves with the joystick

ig. 2. General overview of the virtual reality set-up. Participants
eated in front of a large projection screen and controlled their dis-
lacement acceleration via a joystick. Resulting velocity was inte-
rated and coupled to the projected visual scene, so that visual scene
isplacements were proportional to the participants’ current speed.
articipants wore goggles that prevented them from seeing the joy-
tick position. For interpretation of the references to color in this figure
egend, the reader is referred to the Web version of this article.
ction and with its visual consequences. In this 3-minutes session, A
articipants were immersed in a virtual corridor and were in-
tructed to regulate their velocity so as to keep a constant distance
etween them and a large virtual textured ball (2 m diameter)
olling on the floor along a straight line at varying velocities (from
.52 to 3.82 m/s). All participants showed no difficulties in per-
orming this task.

The second session was designed to familiarize the partici-
ants with the experimental task. Participants were asked to pro-
uce forward displacements in the virtual environment and were

nstructed to intercept the targets (red untextured spheres, 0.22 m
iameter), which moved toward them obliquely (i.e., 45° prior to
he participant’s displacement) at eye level. They were simply
nstructed to regulate their velocity in order to intercept the targets
ith their head when the targets crossed their displacement axis.
t the end of each trial, the participants were informed of the
istance separating their head from the ball when it crossed their
xis of displacement. Positive and negative signs were given
hen the ball crossed the axis in front or behind the participants,

espectively. This session lasted 10 min.
The third session was the experimental session and task

equirements remained unchanged compared with the task famil-
arization session. However, no knowledge of results regarding
he participants’ performance was provided.

ndependent variables

n both the familiarization and experiment tasks, we manipulated
he offset of the ball (three levels). The three different offset
odalities (�2.5 m, �0.2 m and �2.5 m) corresponded to three
ifferent initial ball-to-participant distances along the Y-axis (5.5
, 8.2 m and 10.5 m). The offset conditions were used to vary the

arget arrival position along the subject’s displacement axis (Fig.
A), diminishing the possibility of predicting the interception point
rom the start of the trial, and favoring thus the online control of the
isplacement velocity. As consequences of the three offsets,
eeping the initial displacement velocity (set at 1 m/s) unchanged,
ould result in the ball passing respectively 0.2 m and 2.5 m in

ront of the head of the participants for the 8.2 m and 10.5 m initial
all distances, and 2.5 m behind their head in the 5.5 m initial
istance.

We also manipulated the visual content of the virtual Environ-
ent (four levels) in both the familiarization and experiment tasks.

n the so-called Empty condition, only the ball was visible (Fig.
B). In this condition, the bearing angle could only be determined
y relating retinal information of the target to extra-retinal signals
e.g., proprioception and oculomotor). In the hereinafter called
andmark condition, a grey cross (0.2 m�0.2 m) depicting the
idline body axis (which coincided with the axis of displacement)
ppeared on the screen at about shoulder level. The presence of

body-fixed landmark is believed to enhance the egocentric
rame of reference. In the Ground condition, the ground plane was
extured (extensionless, randomly distributed dots, 0.65 dots/m2),
llowing participants the use of the optic flow to control their
isplacements. Finally, the cross and the textured ground plane
ere displayed in the Full condition, making available all previ-
usly cited visual and non-visual sources of information. The 12
xperimental conditions (3 Offsets�4 Environments) were re-
eated 10 times each, giving rise to a total of 120 trials, randomly
resented for each participant. The experimental session lasted
pproximately 30 min.

ata analysis and dependent variables

he data were analyzed with regard to performance outcome,
ovement kinematics and perceptual-motor strategies involved.

Performance. Performance was computed in two different
ays. The final Y-positions of participants along the Y-axis were
umulated and the percentages of trials displaying undershoots or

n overshoots of the interception point (IP) were computed. The
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bsolute error (AE) was computed in two different ways. The
bsolute error was computed as the minimal Euclidian distance
etween the center of the head and the center of the ball (1) at the
oment at which the ball crossed the axis of displacement (i.e.,
s after the ball appearance) or (2) at any moment during the trial.

Kinematics. The time series of individual velocity (Ẏ) pro-
les were averaged over intervals of 500 ms giving rise to 16 time
ntervals (see Warren et al., 2001; Bastin et al., 2006a, 2008;

orice et al., 2010, for a similar methodology). Individual mean

cceleration (Ÿ) profiles were also computed and analyzed so as
o identify the number of zero-crossings (ZCŸ). The number of
ero crossings reflects the smoothness of a trajectory as it reveals
he number of successive acceleration/deceleration cycles during

ig. 3. (A) Bird’s eye view of the ball trajectory and interception points
IP) as a function of the three offset conditions (in dotted, plain and
ashed lines for the �2.5, �0.2 and �2.5 m offset conditions, respec-
ively). (B) Representation of the different environment conditions
Empty, Landmark, Ground and Full). Screenshots are depicted with
nversed colors. For interpretation of the references to color in this
gure legend, the reader is referred to the Web version of this article.
he displacement. For each trial, we picked out the number of zero
a
f

rossings (from 1 to 5) and we classified the trial accordingly. For
ach subject, the number of trials found in each category was
xpressed as a percentage of the total number of ZCŸ, so as to
ompare the two groups of participants.

Perceptual-motor strategy. Two types of analyses were
erformed to test how participants relied on the rate of change of
he bearing angle. A rate of change of the bearing angle that
emains null during the course of a trial would be in agreement
ith the use of the CBA strategy. To determine whether the
articipants used such a strategy to control their displacement
uring the interceptive task, we first examined the time course of

he first derivative of the bearing angle (�̇) and to what extent their
alues were kept constant by the young and middle-aged partic-
pants. We thus computed the second derivative of the bearing

ngle (�̈) and looked at the time at which it crossed zero (ZC�̈)*

nd also reported the corresponding values of �̇ at the ZC�̈ times.
Subsequent analyses compared the kinematics predicted by

he CBA model with the observed kinematics computed by aver-
ging individual displacement velocity profiles recorded for each
roup. Predicted kinematics were obtained as follow. The best-
tting set of parameters k1 and k2 (Eq. 1) were first determined
eparately for each Offset, Environment and Group. Forty hun-
red combinations of parameter values were used (k1 was varied
rom �0.95 to 0 in increments of 0.05 and k2 from 0 to 0.95 in
ncrements of 0.05) to solve Eq. 1 with a Runge–Kutta procedure†.
he initial mean position and speed of the participant and target
ere used as input variables. Numerical simulations were done on

he complete trial duration (i.e., 8 s). The goodness of the ob-
erved data’s fits provided by predicted kinematics were investi-
ated through both the percentages of variance accounted for
R2) and the Sum of Squares Error (SSE) between the predicted
nd observed curves. Predictions were thus obtained for each
roup and experimental condition. Secondly, the best set of k1 and
2 parameters, common for all offset conditions, but customized to
ach group and each environment was determined separately by
omparing the SSE between best predicted and observed
inematics.

tatistics

or each dependant variable, individual mean values were sub-
itted to analyses of variance (ANOVA).

Discrete variables (absolute error (AE) and zero crossings
ZCŸ). The effect of both Group and Environment factors on AE
nd ZCŸ individual means were tested with two-ways ANOVAs (2
roups�4 Environments) with Groups (Young, Middle-aged) as a
etween-participants factor and Environments (Full, Ground,
andmark and Empty) as a within-participants factor.

Kinematics. Separate three-ways ANOVAs with Environ-
ents (Full, Ground, Landmark and Empty), Offsets‡ (�2.5, 0.2
nd �2.5) and Time Intervals (16 intervals) as within-participant
actors were performed on displacement velocity profiles for each
roup separately (i.e., Young, Middle-aged).

Zero-crossings of the second derivative of the bearing angle (ZC�̈)
eveal changes occurring in the dynamics of the first derivative of the
earing angle.
We used the automatic step-size Runge-Kutta-Fehlberg integration
ethod provided by the “ode23” Matlab® function.
As mentioned previously, the manipulation of the offset factor was

ntroduced in order to favor the online control of the displacement
elocity. As a consequence, no effect of the offset factor on perfor-
ance was expected and this factor was not included in statistical

nalyses. Conversely, an effect on kinematics was expected and the

actor offset was introduced in the analyses.
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Partial effect sizes were computed (�p
2) and post hoc compar-

sons were conducted using Newman–Keuls tests. The P-value
or statistical differences was set at 0.05§.

redictions

ecause different visual and non-visual sources of information
ay influence the detection of the rate of change in bearing angle,

pecific predictions can be made if the participants rely on a CBA
trategy depending on the visual content of the environment and
he groups of participants. The literature revealed that the different
ypes of perceptual signals are redundant as they allow intercep-
ive tasks to be performed whatever the perceptual content of the
nvironment. Young adults should be able to perform the task with
good accuracy whatever the environment. Middle-aged partici-

ants should exhibit a general decrease in their overall perfor-
ance due to the well-documented increased perception thresh-
lds inducing an impairment in their capacity for detecting motion.
evertheless, the availability of several sources of information in

he rich condition could allow them to compensate, at least partly,
his deterioration. Finally it is also reasonable to anticipate that the
ehavior produced by the middle-aged participants should be

erkier than the behavior produced by young participants.

RESULTS

erformance

he panel A of the Fig. 4 depicts the frequency distribu-
ions of participant’s final Y-positions (i.e., participant’s
ositions along the Y-axis at time t�8 s, when the ball
rossed the participant’s displacement axis) cumulated

10% of trials performed by each population were excluded from all
nalyses (trials with an AE�1.1 m for Young and Middle-aged partic-

ig. 4. (A) Frequency distribution of participant’s final Y-positions (i.e.
he participant’s displacement axis) binned each 0.1 m and cumulated
f participants and for the three offset conditions (�2.5, �0.2 and �2.5
re depicted on the right and left sides of the displacement axis, respe
nal Y-positions occurred for each bin. The average values of final Y-p
function of Environment conditions (Full, Ground, Landmark and Emp
re displayed in (B). The dotted bars depict the absolute error compu
bsolute error computed from the minimum of the agent-ball distance
eviation of mean values. For interpretation of the references to color
c
pants). All remaining trials (successful and unsuccessful) were used in
he analyses.
cross trials for the three offset conditions as compared to
he position of the Interception Point (IP equal to 5.5, 8.2
nd 10.5 m for the �2.5, �0.2 and �2.5 m Offset condi-
ions). For all Offset conditions, the frequency distributions
f young participant’s final Y-positions display sharpen
eaks, spreading over 0.5 m forward and backward to the
P, whereas the Middle aged distributions of final Y-posi-
ions were relatively flat and were spread up to 2 m forward
nd backward the IP. Distributions of final Y-positions
how that, in average, Young participants slightly more
vershot the IP (final Y-positions equal to 5.60, 8.31 and
0.6 m) than did Middle-aged participant’s (final Y-posi-
ions equal to 5.57, 8.24 and 10.51 m). Such overshoot
ccurred more often for Young participants than for Mid-
le-aged participant’s (71.60 vs. 52.47% of trials). More
enerally, such distributions of trials, in which the IP was
ometimes overshot and sometimes undershot (especially
or Middle-aged participants) do no indicate a systematic
ias toward the IP.

The panel B of Fig. 4 displays the AE computed in two
ays for the two groups in the different Environment con-
itions. We first considered absolute errors as the Euclid-

an distance between the agent and the ball at the moment
t which the ball crossed the participant’s displacement
xis (dotted bars). This criterion indicated that Young par-
icipants were able to intercept the targets with their head
t time t�8 s as instructed (mean AE equal to 0.18 m)
hereas Middle-aged participants were only able to virtu-
lly catch the targets with their arms (mean AE equal to
.42 m). To control that Middle-aged participants suc-

nt’s positions along the Y-axis at time t�8 (s), when the ball crossed
rials performed in the four Environment conditions for the two groups
distributions of Young and Middle-aged participant’s final Y-positions
he horizontal scale (from 0 to 20%) describes the frequency at which
�) are reported and depicted with a dotted line. (B) Absolute Error as
ch Group (Young, Middle-aged). Two computations of Absolute Error
the agent-ball distance at time t�8 (s). The plain bars represent the
the overall time-course of the trial. Vertical bars depict the standard
gure legend, the reader is referred to the Web version of this article.
, participa
across t
m). The

ctively. T
ositions (
ty) for ea
ted from
eeded in the task by overcoming the instructions and by
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nly attempting to intercept targets at any moment of the
rials, we also computed absolute error as the minimum
uclidian distance between the agent and the ball at any
oment during the overall trial course (plain bars).

The ANOVA (2 Groups�4 Environments) performed
n the AE mean values (computed with the latter definition)
evealed a significant main effects of Group (F(1,12)�
09.05, P�.05, �p

2�0.90) and Environment (F(3,36)�11.33,
�.05, �p

2�0.49). The Environment�Group (F(3,36)�6.76,
�.05, �p

2�0.36) interaction was also significant. Post hoc
nalysis revealed that Young participants were more ac-
urate than Middle-aged participants (0.10�0.01 m vs.
.25�0.04 m) showing thus that, because the latter errors
ere appreciatively similar to a head diameter, Middle-
ged participants succeeded in the task. A posteriori com-
arisons also revealed that, while the performance of
oung participants did not significant vary between the
ifferent environments (P�.05), Middle-aged participants
ere more accurate in the Full environment than in the

ig. 5. (A) Displacement velocity profiles exhibited by the two groups
round, Landmark and Empty). (B) Average frequency of zero crossi
ver participants. The mean values are reported with a dotted line. F
eferred to the Web version of this article.

able 1. Results of the three-ways ANOVAs (4 Environments�3 Offse
roups of participants (Young, Middle-aged)

Groups

Young

ANOVA

ffset F(2,14)�38960.60, P�.05*
nvironment F(3,21)�1.79, P�.05
ime F(15,105)�5.98, P�.05*
nvironment�Offset F(6,42)�0.63, P�.05
ffset�Time F(30,210)�16.92, P�.05*
nvironment�Time F(45,315)�6.31, P�.05*

ffset�Environment�Time F(90,630)�0.63, P�.05
ther environments and were the least accurate in the
mpty environment (0.20�0.03, 0.25�0.04, 0.25�0.05
nd 0.31�0.06 m for the Full, Ground, Landmark and
mpty conditions, respectively; P�.05).

inematics

hree-ways repeated measures ANOVAs (4 Environ-
ents�3 Offsets�16 Time Intervals) on velocity profiles

Fig. 5A) were performed separately for both groups of
articipants (cf. Table 1).

Young participants. Analyses performed on individual
ean velocity profiles revealed significant main effects of
ffset (P�.05, �p

2�0.99) and Time Interval (P�.05,

p
2�0.46) but no significant main effect of Environment

P�.05, �p
2�0.20). Moreover, both the Offset�Time Inter-

als (P�.05, �p
2�0.71) and Environment�Time Intervals

P�.05, �p
2�0.47) interactions were also significant. A pos-

eriori comparisons revealed that significantly different veloc-

ipants (Young, Middle-aged) in the four environment conditions (Full,
leration (ZCŸ) occurrence (from 1 to 5 by trial on average) cumulated
retation of the references to color in this figure legend, the reader is

me intervals) performed on displacement velocity separately for each

Middle-aged

�p
2 ANOVA �p

2

0.99 F(2,10)�1647.37, P�.05* 0.99
0.20 F(3,15)�8.70, P�.05* 0.63
0.46 F(15,75)�8.22, P�.05* 0.62
0.08 F(6,30)�2.18, P�.05 0.30
0.71 F(30,150)�3.12, P�.05* 0.38
0.47 F(45,225)�0.97, P�.05 0.11
of partic
ngs acce
ts�16 Ti
0.08 F(90,450)�0.70, P�.05 0.15
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ty profiles were produced in the three Offset conditions dur-
ng the last 6 s of the trial (P�.05) (Fig. 5A). The velocity
hanges were in accordance with the task requirements, with
ositive offset condition giving rise to a higher overall dis-
lacement velocity in comparison with the negative offset
ondition, and with intermediate offset condition giving rise to
ntermediate displacement velocity profiles (P�.05). More-
ver, Young participants produced similar displacement ve-

ocity profiles in all environment conditions (P�.05) except
uring the very last Time interval (i.e., close to ball contact) in
hich the velocity produced in the Empty condition was
igher than that produced in the other conditions.

Middle-aged participants. Analyses performed on indi-
idual mean velocity profiles revealed significant effects of
ffset (P�.05, �p

2�0.99), Environment (P�.05, �p
2�0.63)

nd Time Intervals (P�.05, �p
2�0.62). Moreover,

ffset�Time Intervals (P�.05, �p
2�0.38) interaction was

lso significant. A posteriori comparisons revealed that
ignificantly different velocity profiles were produced in the
hree Offset conditions during the last 6 s of the trial
P�.05) (Fig. 5A). Once again the velocity changes were in
ccordance with the task requirements. Moreover it is
orth noting that contrary to the other participants, the
iddle-aged participants decelerated systematically at the

ery beginning of the trial, whatever the offset conditions,
efore producing adaptive velocity changes.

Taken together, these results show that the velocity
rofiles exhibited by both Young and Middle-aged groups
f participants are highly affected by the Offset but only
arginally by the Environment. At a more descriptive level,

t is also worth noting that the velocity adaptations pro-
uced by Young participants are very smooth, contrary to
hose produced by Middle-aged participants. One can fi-
ally notice that the Middle-aged participants sometimes
ven produced backward displacements in the negative
ffset condition which was never produced by Young par-
icipants.

We further analyzed the displacement kinematics by
ounting the number of zero crossings (ZCŸ) exhibited in the
cceleration profiles. The number of ZCŸ is indicative of
hether the displacement adaptations are gradual (very few
CŸ) or conversely nonlinear (numerous ZCŸ) (Fig. 5B).

Two-way ANOVA (4 Environments�2 Groups) with
epeated measures on the Environment factor performed
n the individual mean number of ZCŸ performed by Young
nd Middle-aged groups of participants revealed a signif-

cant main effect of Group (F(1,12)�8.62, p�.05, �p
2�0.42),

ut no significant main effect of the Environment factor
F(3,36)�0.88, P�.05, �2

p�0.07). Young participants pro-
uced less ZCÿ than the Middle-aged ones (2.97�0.09 vs.
.41�0.21).

erceptual-motor strategy

n order to investigate to what extent the constant bearing
ngle strategy can account for the velocity profiles previ-
usly described for the two groups of participants, we
nalyzed the time course of the bearing angle’s first deriv-
tive (�̇) for Young (Fig. 6, panel A) and Middle-aged
b
t

articipants (Fig. 6, panel B) in the three offset conditions�.
ualitative inspection of the time course of the rate of

hange of the bearing angle (�̇) did not show linear profiles,
s predicted by the CBA strategy when intercepting balls
pproaching along straight paths, but rather wave-like pro-

les. These �̇ profiles differed with aging concerning its
verage values, times at which peaks and valleys occurred
nd finally amplitudes between peaks and valleys. Con-

erning the average values of �̇ profiles, the main panels of
ig. 6 show that whereas Young participants kept in aver-

ge �̇ values above zero (around 0.76, 0.96 and 1.00°/s for
he �2.5, �0.2 and �2.5 offset conditions, respectively),

iddle-aged participants let the values of �̇ evolving below
eros (around �1.38, �0.99 and �0.67°/s for the �2.5,
0.2 and �2.5 offset conditions, respectively) until the last

econd of trials. Then, the rate of change of the bearing
ngle suddenly increased above zero¶. Such negative val-
es of the rate of change of the bearing angle during the
rst 7 s indicate that Middle-aged participants were late
ompared to the target displacements during the main part

f the trials. Note also that the middle values of �̇ profiles
re affected by the offset conditions, especially for Middle-
ged participants.

Times at which peaks and valleys occurred in individ-

al �̇ profiles and amplitudes between these peaks and
alleys were then analyzed by computing the zero-cross-

ng exhibited by the second derivative of the bearing angle
ZC�̈) in individual profiles. This allowed us to determine

hen Young and Middle-aged participants conducted �̇
alues toward its average values and to what extent they

ept �̇ values constant.
Times at which peaks and valleys occurred in individ-

al �̇ profiles were analyzed by plotting bellow each panel
f the Fig. 6, the frequency distributions of ZC�̈ as a func-
ion of corresponding trial time for Young and Middle-aged
articipants. These distributions of ZC�̈ plotted as a func-
ion of trial time showed that, when excluding the first and

ast 0.5 s, Young participants adjusted the �̇ values at two
imes (around 3.5 s and 6.5 s) before reaching the inter-
eption point. On the other hand, Middle-aged participants

erformed adjustments of �̇ values at three times (around
.5, 4 and 6 s). The frequency distributions ZC�̈ as a
unction of trial time consequently well mirrored the num-
er of zero crossings exhibited by both groups in their
cceleration profiles (see previous analyses of ZCŸ).

Amplitudes between peaks and valleys displayed by
oung and Middel-aged participants were analyzed by
lotting on the right of each panel of the Fig. 6 the fre-
uency distributions of ZC�̈ as a function of corresponding

Given that ball paths were identical and that velocity profiles of Young
nd Middle-aged did not significantly differ between environment con-
itions, we averaged the time course of the bearing angle’s first
erivative across environment conditions at each 0.5 s interval.
The final asymptote described by the bearing angle’s first derivative

s an unrealistic artifact that occurs for very near targets due to the use
f trigonometrical functions. As a consequence, the features of the

earing angle’s first derivative that occurred during the last second of

rials were not considered.
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values in individual profiles. Interestingly, the frequency

istributions of ZC�̈ as a function of �̇ values display an
bvious bimodal distribution for both Young and middle-
ged participants, in which higher and lower modes corre-

ponds to the bounds within which �̇ values are kept during
he trial. However, the amplitude between the values of
igher and lower modes differs with aging. Indeed, for

oung participants, �̇ values are comprised between
igher and lower values equal to �0.75°/s and �0.25°/s.

n the contrary, for Middle-aged participants, �̇ values are
omprised between higher and lower values equal to
0.5°/s and �2.75°/s. As a consequence, Young partic-

pants allowed �̇ values to vary within bounds distant of

°/s whereas Middle-aged participants allowed �̇ values
o vary within bounds distant of 3 °/s. Taken together,
hese results demonstrate that participants punctually

ontrolled their velocity when the values of �̇ exceeded

ome bounds, otherwise the values of �̇ gradually

rifted. This principle allowed participants to keep �̇
alues constant within a window. Because the amplitude

ig. 6. Time-course over trial time of the bearing angle’s first derivative
ffset conditions (in dotted, plain and dashed lines for the �2.5, �0.2 an
and B for Young and Middle-aged participants, respectively). Histogr

erivative of the bearing angle (�̈) crossed zero (ZC�̈). Histograms on the
˙ profiles. For interpretation of the references to color in this figure legen
preading the bounds of the windows differed with Age, s
hese results suggest that these windows or bounds can
eature some perceptual thresholds, which could be
amaged with aging.

Subsequent analyses were based on systematic
omparisons between the mean velocity profiles pro-
uced by each group of participants and the best fitting
umerical simulations provided by the CBA model (Eq.
). Table 2 summarizes the best-fitting set of parameters
k1, k2) and best goodness-of-fit criterions (R2, SSE)
ound for each group of participants and for each Envi-
onment and Offset conditions. These analyses reveal
hat the numerical simulations of the CBA model provide

good account of the velocity profiles produced by
oung participants in all conditions (R2 mean values
qual to 0.92) (see Table 2, Fig. 7). Conversely, they
ailed to approximate the regulation behavior exhibited
y Middle-aged participants (R2 mean values equal to
.56). In particular, it appears that the current version of

he CBA model cannot account for their non-gradual
elocity profiles.

It is worth noting that the CBA model is based on very
imple control architecture and presents a number of

) averaged across participants and Environment Conditions in the three
offset conditions, respectively) for the two Groups of participants (Panel
w the X-axis depict the time (binned each 0.5 s) at which the second
ict the values of �̇ (binned each 0.1 °/s) when ZC�̈ occurred in individual
ader is referred to the Web version of this article.
(�̇, in °/s
d �2.5 m
ams belo
hortcomings from a neuro-physiological point of view. For
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nstance, according to the CBA model, the participant is
upposed to cancel any change in bearing angle whatever
he magnitude of these changes. This appears as a major
imitation for generalizing the model to older populations
ecause the perceptual thresholds are known to increase
ith aging (Warren et al., 1989; Tran et al., 1998;
ndersen and Enriquez, 2006). Adding a perceptual

hreshold in the perception of the rate of change in the
earing angle could therefore constitute a good way to

mprove the CBA model and to account for the jerky be-
avior produced by Middle-aged participants.

This led us to revise the initial formulation of the CBA
odel (Eq. 1) and to propose a “Bounded-CBA” model

Eq. 2). The “Bounded-CBA” rests on a new, neuro-phys-
ologically grounded, control architecture that comprises
wo modes. According to this model, the “control” mode
ives rise to a behavioral adaptation in velocity each time
he rate of change of the bearing angle is greater than a

hreshold in perceiving �̇ (thresholds values were deduced
rom the analyses reported in Fig. 6). Conversely, the “drift”
ode is used when angular changes do not exceed the
iven threshold, and consequently the system maintains
he previous velocity until it gets greater than the given

able 2. Best-fitting set of parameters (including k1, k2 and the percep
f squared errors (SSE) expressed in m2/s2) found for each model (CB
nvironment Conditions (Full, Ground, Landmark and Empty) and in th

hat �̇t is not taken into account in the CBA model. Goodness-of-fit cr

Young

k1��0.40 k2�0.30

BA Environment Offset �̇t
R2

Full �2.5 0.94
Full �0.2 0.89
Full �2.5 0.86
Ground �2.5 0.94
Ground �0.2 0.86
Ground �2.5 0.86
Landmark �2.5 0.84
Landmark �0.2 0.88
Landmark �2.5 0.77
Empty �2.5 0.89
Empty �0.2 0.89
Empty �2.5 0.76
Mean (�std) 0.87 (�0.

ounded-CBA Environment Offset k1��0.60 k2�0.65
Full �2.5 1.6 0.95
Full �0.2 1.6 0.96
Full �2.5 1.6 0.96
Ground �2.5 1.6 0.92
Ground �0.2 1.6 0.94
Ground �2.5 1.6 0.96
Landmark �2.5 1.6 0.96
Landmark �0.2 1.6 0.95
Landmark �2.5 1.6 0.84
Empty �2.5 1.6 0.99
Empty �0.2 1.6 0.9
Empty �2.5 1.6 0.85
Mean (�std) 1.6 0.93 (�0.
hreshold, and so on. More precisely, in the “Bounded- 8
BA” model, the ratio between the current value of the rate

f change in bearing angle �̇ and an assumed perceptual

hreshold �̇t in perceiving angular change of the bearing
ngle acts as a switch function that alternatively activates
he “control” and “drift” modes. When the absolute value of

he ratio �̇ ⁄ �̇t exceeds 1, then the acceleration of the par-

icipant (Ÿ) is driven by the rate of change in bearing angle
nd the damping of the system. If the absolute value of the

atio �̇ ⁄ �̇t is less than 1, then the simulated acceleration (Ÿ)
ontinues to be gradually driven by the acceleration pre-
cribed at t�1.

Ÿ�� k1�
1

1�200�e(�10�t)��̇� k2�Ẏ, if��̇ ⁄ �̇t� 	 1

Ÿt�1, if��̇ ⁄ �̇t� 
 1

(Eq.2)

According to this new bounded-CBA model architec-
ure, for a given set of initial conditions, higher perceptual
hresholds should give rise to jerky velocity changes, while
ow thresholds should give rise to smooth regulations (Fig.

shold �̇t expressed in °/s) and goodness-of-fit criterions (R2 and sum
ounded-CBA”) and each group (Young, Middle-aged) in the different
ffset conditions (�2.5, �0.2 and �2.5 m). Empty gray cells indicate

ere evaluated on the 0–7 s trial duration

Middle-aged

k1��0.10 k2�0.10

SSE �̇t
R2 SSE

0.20 fail 9.71
0.77 0.88 8.18
1.94 0.82 9.05
0.19 fail 9.31
0.86 0.83 8.38
2.09 0.75 9.36
0.49 fail 8.57
1.04 0.92 8.34
3.36 0.82 8.11
0.35 fail 7.88
1.01 0.90 8.56
3.04 0.85 6.99
1.28 (�1.08) 0.56 (�0.42) 8.54 (�0.75)

k1��0.45 k2��0.05
0.18 2.6 0.90 2.16
0.30 2.8 0.96 1.55
0.41 3.9 0.90 3.12
0.26 2.6 0.92 1.74
0.34 2.8 0.89 2.31
0.46 3.9 0.94 2.49
0.14 2.6 0.90 1.73
0.48 2.8 0.92 1.89
1.51 3.9 0.95 1.57
0.07 2.6 0.92 1.35
0.66 2.8 0.93 1.85
1.22 3.9 0.91 1.97
0.50 (�0.44) 2.43 (�0.47) 0.92 (�0.02) 1.98 (�0.49)
tual thre
A and “b
e three O

iterions w

06)
). A best-fitting procedure identical to the one used for the
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BA model was applied to the “Bounded-CBA” model. The
arameter k1 was varied from �0.95 to 0 in increments of
.05 and k2 from �0.1 to 0.95 in increments of 0.05 to
olve Eq. 2. Moreover we also included a search on the

erceptual threshold parameter (�̇t) ranging from 0 °/s to
°/s with 0.1 °/s increments. The best fitting sets of k1, k2

nd �̇t values identified in the four Environment and three
ffset conditions for the two groups are reported in Table
. Interestingly, the best perceptual thresholds values ac-

ig. 7. Average observed velocity (Ÿ) and corresponding first derivat
rovided by the CBA (dotted line) and “Bounded-CBA” models (hatched
onditions (�2.5, �0.2 and �2.5 m) for the Empty environment condit

nterpretation of the references to color in this figure legend, the read
ounting for the regulation behavior of both Middle-aged o
nd Young participants greatly differed (3.1 vs. 1.6°/s), but
hey did not vary very much across the environment con-
itions. Moreover, numerical simulations of the “Bounded-
BA” model showed that for Middle-aged participants,
erceptual thresholds values changed with the Offset con-
itions (3.8, 2.8 and 2.6°/s for the �2.5, �0.2 and 3 m
ffset conditions).

Fig. 7 shows the best-fitting numerical simulations pro-
ided by the “Bounded-CBA” model (Eq. 2) for each group

bearing angle (�̇) (plain lines) and best fitting numerical simulations
the two Groups of participants (Young, Middle-aged) in the three offset
perceptual thresholds providing the best fit (�̇t) are include in title. For
rred to the Web version of this article.
ive of the
line) for

ion. The
f participants and Offset conditions in the Empty Environ-
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ent. Contrary to the original CBA model, the “Bounded-
BA” model provides a good account of the velocity pro-
les not only for Young participants but also for the Middle-
ged participants in all conditions (R2 mean values equal
o 0.93 and to 0.92, for Young and Middle-aged partici-
ants, see Table 2).

DISCUSSION

e used a virtual reality set-up to assess the effect of age
n the control of self-displacement while intercepting mov-
ng balls. The two groups of participants (Young, Middle-
ged) could be differentiated according to the errors they
roduced while attempting to intercept the moving ball, but
lso according to their displacement kinematics. Young
articipants reached the impact location with greater ac-
uracy than the Middle-aged participants. Moreover, while
he Young participants produced smooth displacements
hatever the experimental conditions, the Middle-aged
articipants exhibited jerkier displacements. While being
ble to explain the regulation behavior of Young partici-
ants, the CBA model failed to explain the behavior ob-
erved by the Middle-aged participants. Interestingly how-
ver, adding adjusted perceptual thresholds in the numer-

cal simulations allowed the model to provide a good
ccount of the behavior produced by the two groups of

ig. 8. Numerical simulations of the displacement velocity (Ẏ, in m/s,
hange of the bearing angle (�̇, in °/s, Panel C) provided by the “bound
from left to right, respectively). Note that initial conditions, k1 and k2 par
et at 0.5°/s induces an initial acceleration, increasing the �̇t value to
roduces an initial deceleration. Finally, critical �̇t values (up to 3°/s) pro
nly the �̇t value can thus mimic the velocity profiles shown by either Y
imulated displacement acceleration increases with the �̇t value in a

imited time of simulation. (Panel C) The arrows depict the influence o
ed arrows depict a classical control of velocity slaved by the rate of
urrent value of �̇ exceeds the assumed perceptual �̇t threshold. Blue a
rift until the current value of �̇ is above the �̇t threshold. The combine
he �̇t values increases, the balance between the two modes of control
o color in this figure legend, the reader is referred to the Web versio
articipants in all environment conditions. a
onfirmation of previous studies

he majority of the studies devoted to the understanding of
he perceptual-motor mechanisms underlying the control
f interceptive actions are derived from studies performed
n young and healthy adults (e.g., Lenoir et al., 2002;
hardenon et al., 2004; Fajen and Warren, 2004; Bastin et
l., 2008). The results obtained with our Young group are

n perfect agreement with the results obtained in these
tudies. Young participants maintained their high level of
erformance across the different environment conditions,
ith smooth velocity adjustments distributed over the en-

ire trial duration. Moreover the Constant Bearing Angle
odel provided a very good account of these adaptations.
he ability of Young participants to maintain their level of
erformance, even in the more impoverished environment
ondition, confirms that extra-retinals signals allow the
articipants to detect the rate of change in bearing angle
Bastin and Montagne, 2005; Bastin et al., 2006b). Includ-
ng Middle-aged individuals in the present study allows us
o determine the effect of a degradation in the processing
f visual and non-visual signals on the interception perfor-
ance.

he influence of aging

he overall decrease in performance exhibited by Middle-

), the corresponding acceleration (Ÿ, in m/s, Panel B) and the rate of
model when setting the �̇t boundaries from 0.5 to 3°/s by 0.5°/s steps

remain unchanged in the six simulations. (Panel A) Whereas a �̇t value
uces a stable initial velocity. Setting the �̇t value to 1.5°/s or higher
only initial deceleration but also backward displacement. Manipulating
d Middle-aged participants. (Panel B) The number of zero-crossing of
e. Critical �̇t values (up to 3°/s) induce less zero-crossing due to the
different modes of control that compete in the “bounded-CBA” model.
f the bearing angle. This mode of control occurs punctually when the
resent a second mode of control, called drift, during which the velocity
es of both modes of control (“control” and “drift”) tend to cancel �̇. As
become more equally distributed. For interpretation of the references
rticle.
Panel A
ed-CBA”
ameters

1°/s ind
duce not
oung an

given tim
f the two
change o
rrows rep
d influenc
ged participants is in agreement with the results obtained
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n previous studies (Spirduso and MacRae, 1990); how-
ver, these studies have not assessed performance in
ifferent visual environments. The present study reveals
hat the type of environment in which the virtual displace-
ents occurred has an influence on the elders’ perfor-
ance. Remarkably, the condition allowing them to have
ccess to the three types of manipulated perceptual vari-
bles (i.e., the Full condition) gave rise to the best perfor-
ance level. Various studies have shown that aging is
ccompanied by a deterioration of motion detection and
erception thresholds (Warren et al., 1989; Morgan and
ing, 1995; Tran et al., 1998; Andersen and Enriquez,
006; Zhang et al., 2008), especially for translational mo-
ion as in the present study (Billino et al., 2008). It is then
easonable to hypothesize that the detection of the rate of
hange in bearing angle is easier when redundant infor-
ation is available. In addition to their failure to intercept

he moving ball with the same accuracy as the young
dults, the Middle-aged participants clearly exhibited jerk-

er motion regulation than the Young participants, irrespec-
ively of the environment conditions. We presume that the
ecline in pure motor functions that is generally observed
ith aging (e.g., muscular power, Voelcker-Rehage, 2008)
annot account for these decline in elders’ performance,
s our virtual reality interceptive task put little motor con-
traints on the participants. The decrease performance of
iddle-aged participants in the present study more likely

esulted from the slowing of information processing that is
enerally observed with aging (Welford, 1988; Salthouse,
000) and the increase motion detection and perception
hresholds reported above. In accord with this hypothesis,
dding a perceptual threshold in a Bounded version of the
BA model allowed the model to both qualitatively and
uantitatively better fit the Middle-aged participants’ be-
avior. It is worth noting that the values of perceptual
hresholds determined from average participant’s data as
ell as the values that provided the best fits consistently
howed two relevant results. First, a reduced sensitivity to
etection of changes in bearing angle was shown for Mid-
le-aged participants. Indeed, Middle-aged adults pre-
ented larger range of thresholds than young adults
�3 °/s and � 1 °/s, respectively). Values were found to be
imilar to those already identified in several psychophysi-
al studies which explored the effect of aging on motion
etection, motion perception, angular velocity detection
nd speed discrimination thresholds of target or vehicle
McKee and Nakayama, 1984; McKee et al., 1986; Bow-
an and Brown, 1989; Brenner and van den Berg, 1995;
nowden and Kavanagh, 2006). Moreover visual sensitiv-

ty to detection of changes in bearing angle was found to
e lower for larger initial retinal eccentricity of the ball that
ad to be intercepted#, especially for Middle-aged partici-
ants. Such effect of the eccentricity of targets was already
bserved in the literature (Bowman and Brown, 1989;
hale and Wehrhahn, 1991; Monaco et al., 2007).

In our study, eccentricity was equal to 30.65, 26.28 and 23.38°

egarding to the axis of displacement in the �2.5, �0.2 and �2.5 m
ffset conditions, respectively.
BA and “Bounded-CBA” models

ne of the objectives of the present work was to question
he relevance of the constant bearing angle model in ac-
ounting for the regulation behavior of Young and Middle-
ged participants. One strength of this model is the sim-
licity of the underlying architecture which links the per-
eptual information (the rate of change in bearing angle) to
n action parameter (the displacement acceleration) with a
amping term indexed to the displacement velocity (Eq. 1).
hile the CBA model has been shown to account for the

egulation behavior of Young participants in a very wide
ange of experimental conditions, the present study chal-
enged the CBA model with Middle-aged participants, pre-
umably presenting neurophysiological deteriorations due
o aging. This study shows that a CBA-like model can
ccount for the regulation behavior of Middle-aged partic-

pants, provided the architecture of the model incorporates
n additional constraint, neurophysiologically grounded.
ndeed, adding a perceptual thresholds-like parameter to
he CBA model allowed the model to account for the diffi-
ulties encountered by the participants to detect the
hanges in bearing angle (Eq. 2).

CONCLUSION

his study supports the status of the constant bearing
ngle strategy as a perceptual-motor principle being able
o account for the regulation behavior of participants that
re characterized with large individual differences and
oving in different visual environments. It also illustrates

he flexibility of our perceptual systems which provide re-
undant degrees of freedom allowing the same task to be
erformed with a good accuracy, whatever the sources of

nformation available. Finally, combining behavioral orga-
izational principles (i.e., CBA strategy) with neurophysio-

ogical constraints (i.e., perceptual threshold) is in accord
ith the increasing trend of the scientific community to
ropose models that are physiologically grounded.
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