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GRASSO, R., C. ASSAIANTE, P. PRE´VOST AND A. BERTHOZ.Development of anticipatory orienting strategies during locomotor
tasks in children.NEUROSCI BIOBEHAV REV22(4) 533–539, 1998.—Some basic problems related to the development of goal-
directed locomotion in humans are reviewed here. A preliminary study is presented which was aimed at investigating the emergence of
anticipatory head orienting strategies during goal-directed locomotion in children. Eight children ranging from 3.5 to 8 years had to walk
along a 908 right corner trajectory to reach a goal, both in light and in darkness. The instantaneous orientation in space of the head, trunk,
hips and left foot antero/posterior axes was computed by means of an ELITE four-TV camera, 100 Hz system. The results showed that
predictive head orienting movements can occur also in the youngest children. The head starts to rotate toward the goal before the corner
point of the trajectory is reached. In children, the head peak rotation coincides with the trajectory corner while in adults the peak is
attained before. In children, the walking speed is largely decreased in darkness. The results suggest that feedforward control of goal-
directed locomotion appears very early in gait development and becomes increasingly important afterwards.q 1998 Elsevier Science
Ltd. All rights reserved.
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DEVELOPMENT OF REFERENCE FRAMES FOR GOAL-ORIENTED
LOCOMOTION

FROM 9 TO 10 MONTHS, a sort of cognitive revolution
must occur when an infant’s horizons are expanded by the
acquisition of self-initiated, self-controlled locomotion. The
development of goal-oriented locomotion mainly implies
three abilities: localizing of the visual target, controlling
locomotor performance and appropriately organizing the
visuo-motor interface. At the beginning, the young infant
localizes itself with respect to the physical environment by
using an egocentric frame of reference. Piaget argued that
action is organized with respect to the child’s own move-
ments (37) and spatial localization is carried out with
respect to the child’s own body position (38). Also, 4- to
6-year-old children belong to this stage. Successively,
around 7–8 years, the egocentric mode of representation
tends to be abandoned while the child’s position and move-
ments begin to be organized with respect to fixed elements
of the external environment. Lastly, from 9–10 years
onwards, children become capable of building true exo-
centric topographic representations. In blind children, auto-
nomous locomotion takes place later than normal children
(3,31). An absence of early visual experience induces a
preferential egocentric mode of spatial representation in

blind children (32). In contrast, early visual experience
(between the first 12th and 18th months of life) seems
sufficient to allow for the exocentric mode (32,1). Whatever
is the selected reference frame, it needs to be maintained as
stable for allowing the localization and reaching of the
selected goals. Recent studies have shown that during the
first 3–4 years of independent walking the head is progres-
sively stabilized relative to space (5,6,27). These observa-
tions corroborated the hypothesis, originally introduced by
Pozzo et al. (41), that head stabilisation facilitates the
interpretation of external (mainly visual) and internal (iner-
tial and proprioceptive) cues during locomotion. Such cue-
related afferent signals can thus be used to assess the
instantaneous relationship between the body and the sur-
rounding environment.

NON VISUAL CUES IN GOAL-ORIENTED LOCOMOTION

For the control of locomotion, vision cannot be thought
of as the only source of spatial information. Besides its
recognized (and thoroughly investigated) functions in
regulating and stabilising gaze, posture and movements,
the vestibular system has long been suggested to signifi-
cantly contribute to the orientation and localisation of the
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body in space during displacements (54,9,11,40,35) in the
so-called path-integration behaviour. Ascending pathways
conveying multi-sensory (vestibular, proprioceptive and
visual) information attain specific areas in the brain related
to representation of space (21,51). In recent years, a bulk of
information has been accumulated about the existence of
neural networks responding to head direction in an allo-
centric reference frame—the so-called ‘head direction
cells’ in the thalamus and postsubiculum of rats (34).
Among the properties of some subtype of these neurones
there is a responsiveness to head angular velocity which led
some researchers (13) to hypothesize the existence of a
predictive thalamo-cortical circuit sensing future heading
of locomotion. The afferent pathways and the cortical
areas dedicated to motion perception are now identified
also in humans (14,52) and cells with properties similar
to those of the head direction cells in the rat have been
recently described also in primates (Rolls, unpublished
observations). In adult humans, it has been recently reported
that changes of head direction systematically anticipate
changes in the direction of locomotion along circular
paths (by about 200 ms) (19). Also, adults instructed to
walk along a 908 corner trajectory toward a target con-
sistently turn their head in the direction of the intended
walk long before (about 1 s) they modify the body trajec-
tory (20). A similar result has been found by Land and
Lee (26) in car drivers approaching a road bend. All
these observed behaviour resulted from a coordination
of head and eye movements supporting gaze orientation
(19,25,42).

THE EMERGENCE OF ANTICIPATORY STRATEGIES

In general, anticipation is considered a crucial turning
point when acquiring skills (17). Anticipatory mechanisms,
building prediction of future sensory and motor events,
have been demonstrated in adults during many activities
(pursuit eye movements (10), reaching hand movements
(24), postural synergies (22) and gait initiation (33)).
Anticipatory mechanisms during pursuit eye movements
seems mature in infants around 1 year of age (47,49).
Some anticipatory mechanisms based on coordination of
vision and reaching have been demonstrated in young
infants (53). Anticipatory displacements of the center of
pressure in gait initiation have been shown to build up
between 1.5 and 2.5 years of age (15,28,30). Up to now,
however, very little attention has been paid to the develop-
ment of anticipatory head orienting strategies during loco-
motor tasks. Some studies in young children (2,44,45) have
reported anticipatory head orienting movements in various
tasks of spatial localization in response to the appearance
of an attractive stimulus. This behaviour emerges very
early in the prehensive space (around 6 months) and
between 11 and 16 months of age in the locomotor space.
In locomotion, because of the presence of important bio-
mechanical delays, anticipating the direction one intends
to go is essential in view of avoiding obstacles or of
following path constraints (36). In general, anticipation
implies the presence of feedforward control of movement
(43,46) and it is here proposed to analyse the development
of anticipatory strategies to understand the general mechan-
isms of the implementation of feedforward control during
childhood.

A PURPOSE STUDY ADDRESSING THE EMERGENCE OF
ANTICIPATORY CONTROL OF GOAL-DIRECTED LOCOMOTION

In a preliminary study presented below we aimed at
investigating the emergence of anticipatory head orienting
strategies during goal-directed locomotion. Eight healthy
children, from 3.5 to 8.5 years of age, comprising five
girls and three boys, participated in the study. They were
asked to walk from a starting-point to an end-point (where
the experimenter was waiting) along a right corner trajec-
tory (908, Fig. 1) in two conditions: first with eyes open
(LIGHT) and second while wearing blindfolds (DARK).
Each child had to perform four consecutive trials in each
condition except for youngest children (, 4 years) who,
despite the presence of their parents, refused to perform in

FIG. 1. Experimental setup. The experiments were performed in a large
room (5.13 6.23 3.4 m length/width/height) equipped with a four-camera
(100 Hz) ELITE system. (A) The position of the markers from three
viewpoints is shown. Note the presence of antennae to increase the inter-
marker distance. The midpoint between the two head markers was on the
yaw rotation axis and it was used to measure head position in space. The
final accuracy was 0.38 (root mean square) for head, trunk and hips
orientation and about 18 for the foot. (B) Experimental task. The subjects
had to reach a target positioned at the end-point of a 908 right corner
trajectory. A plastic ribbon placed along the trajectory prevented children
from using shortcuts.
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darkness. No instruction about speed was provided. The
real-time orientation of the head, trunk, hips and left foot
antero/posterior axes in the horizontal plane were computed.
The direction of locomotion was measured from the tangent
to two positions successively occupied by the midpoint
between the two head markers (19). The instantaneous
difference between head orientation and locomotion direc-
tion is calledv. For each locomotor trajectory the corner
position was computed as that corresponding to the point
where curvature attained a maximum. Starting back and
forth from this turning point, ensemble averages of indivi-
dual trajectories (mean ofx,y coordinates, instant by instant)
and orientation angles (61SEM) from different trials and/or
from different subjects were computed.

THE DEVELOPMENT OF A STRATEGY TO REACH THE GOAL

The results of this experiment must be compared with

those from a matched study conducted on six adults (two
trials per each subject). Figure 2 shows the mean trajectory
and head orientation displayed by the group of adults com-
pared to the mean from three consecutive trials performed
by the youngest child (3.5 years), in the LIGHT condition.
The figure clearly shows that head direction anticipates the
change of trajectory both in the group of adults and in the
child. Anticipatory orientation builds up starting from about
1 s before the turning point is attained. After the turning
point the walking direction realigns to head orientation. A
similar pattern was observed at least once in all the children
participating in the study.

Table 1 shows the occurrence time ofv peak relative to
the subjective corner position for all eight subjects and four
trials. Of the children younger than 5.5 only one case shows
a consistent time lead. Time lead is also displayed by one of
the 5.5-year-old children and by all of the children older
than 5.5. The difference in time lead between the group

FIG. 2. (A) mean head trajectory and orientation in the group of adults (N ¼ 6) and in the youngest child (N ¼ 3 trials). Head orientation is displayed by the
short straight segment, at a convenient time resolution, along the walked path. The coordinates of the turning point (dashed circle) result from averaging of
the coordinates of the points where curvature attained a maximum on individual trajectories. The position of the obstacle is also indicated (solid circle with
ticks). (B) Time course ofv angle (i.e., the head deviation relative to the walking direction) from the time occurrence of the turning point (which corresponds
to 0). Anticipatory orientation develops about 1 s before the turning point and reaches a peak amplitude of 30–408.
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of adults and that of children was significant (unpaired
Student’s,t ¼ 2.37 d.f.¼ 12, p ¼ 0.034, Fig. 3). On the
contrary, there is no difference between groups in the ampli-
tude ofv peak (366 11.28 vs34 6 11.48, n.s.).

From these results we can conclude that anticipatory head
orienting movements during locomotion are present at a
very early stage of gait development. However, while in
adults, anticipatory head motion has been found to be
very reproducible across repeated trials, the opposite
seems true for children, especially for the youngest ones.
This steering behaviour has been previously described as a
‘go where you look’ strategy (19), meaning that one gazes
into the new direction he/she wants to undertake before
guiding his/her body there. It may be suggested that the
behaviour is not peculiar of locomotion but it reflects the
maturation of general orientation strategies demanding
foveal vision and gaze dynamic control. These strategies
are probably developed during the first months of self-
produced forms of experience such as crawling (12), or
even earlier, in spatial search behaviour. Thus, orientation
control strategies on the basis of which feedforward control
of locomotion will be developed, may be put under test very
early in the human life span. An interesting observation was
that the anticipation time interval of the peak ofv angle was

consistently longer in adults, suggesting that the prediction
at the basis of feedforward control moves farther in the
future with age.

THE DEVELOPMENT OF STEERING MOVEMENTS

Figure 4 shows the average time course of all recorded
body segment orientation for two children aged 3.5 and
5.5 years respectively. It can be noticed that in the
younger child head motion is not preceding the motion of
the other body segments, rather it follows them. On the
contrary, the older child displays a clear cut anticipation
of head motion relative to the rest of the body. This latter
child is the youngest one in whom we could see such an
anticipation to occur in a stable fashion across the repeated
trials. In adults, head motion consistently anticipated
trunk orientation changes by 0.44 s with eyes open (the
v peak for the head preceded the corner position of 0.246
0.06 s while the trunk followed the corner position by
0.206 0.13 s).

Therefore, while in adults changes in instantaneous
head direction in space result from neck rotations, in
children there was an attitude to lump head and trunk in

TABLE 1
TIME OCCURRENCE OFv PEAK RELATIVE TO THE TRAJECTORY CORNER POSITION

Subject 1
(3.5 years)

Subject 2
(3.5 years)

Subject 3
(4 years4)

Subject 4
(5.5 years)

subject 5
(5.5 years)

Subject 6
(6.5 years)

Subject 7
(8 years)

Subject 8
(8 years)

Trial 1 ¹0.10 0.88 0.12 0.33 ¹0.13 ¹0.01 ¹0.04 0.08
Trial 2 ¹0.14 [0.36] 0.10 0.30 ¹0.17 ¹0.02 ¹0.02 ¹0.11
Trial 3 ¹0.13 [0.31] [¹1.74] 0.35 ¹0.10 [1.13] ¹0.06 [¹0.15]
Trial 4 -¹ [¹1.76] 0.12 0.36 ¹0.18 ¹0.08 ¹0.07 ¹0.05
Mean ¹0.12 0.88 0.12 0.34 ¹0.15 ¹0.04 ¹0.05 ¹0.03
SD 0.02 – 0.01 0.03 0.04 0.04 0.02 0.10

Values from all subjects and trials. Negative values indicate a time lead. Numbers between square brackets are not included in the subject mean as theyrefer
to trials wherev displayed an oscillatory step-related pattern with no relation with the corner position. The difference between the younger children group (, 4
years) and the older group (. 4 years) is not significant. The peak value does not correspond to the bulding up of the anticipatory orienting movement.

FIG. 3. Box and line plots represent the average (SEM and SD) of time occurrence ofv peak relative to the trajectory turning points from the group of adults
(N ¼ 6) and children (N ¼ 8). The peak anticipates the occurrence of the turning point in adults, but not in children. Time lead values are¹ 0.246 0.06 and
0.036 0.03 s, respectively.
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a single mechanical unit (as shown in Fig. 4). The two 3.5-
year-old children showed delayed head movements relative
to the other recorded segment as we would expect if the
head were passively coupled to the trunk. It is worth
noting that the foot, the hips and the trunk directions
showed simultaneous changes in most children (as in
the child of Fig. 4), suggesting that an immediate transfer
of the leg jerk to the rest of the body occurs. These observa-
tions are consistent with the use of an ‘en bloc’ movement
strategy as it was shown to happen in young children
during balance locomotor tasks (7). Such a behaviour
might be aimed at decreasing the number of degrees of
freedom to be simultaneously controlled during the move-
ment. The results suggest a developmental sequence from
anen blocoperation of the body to an articulated operation
with maturation as recently proposed in an ontogenetic
model of the organisation of postural dynamic balance (7).
The model assumes an alternation between two main
modalities: one which follows a caudo-cephalic gradient
and is characteristic of early standing and locomotor experi-
ence, and another one, which follows the opposite anato-
mical gradient and pertains to mature postural and
locomotor control. The same anatomical gradient fol-
lowed by the development of postural control seems to
be followed by the dynamic control of goal-oriented loco-
motion. Also the data from Table 1, described in the
preceding section, seem to fit nicely this model and
confirm that the age cross-over must occur around 5/6
years of age.

FIG. 4. Time course of the instantaneous orientation of the head, trunk, hips
and left foot antero/posterior axis during the path for two children of dif-
ferent age (LIGHT condition). Curves represent the average from three and
four trials respectively. Head orientation is lagging behind the orientation of
the other body segments in the younger child whereas it leads on the other
segments in the older child.

FIG. 5. (A) Average linear speed in LIGHT and DARK condition in the group of adults (N ¼ 6). (B) average linear speed in LIGHT and DARK condition for
child 5 (N ¼ 4). Note the dramatic decrease of speed when the child was wearing blindfolds.
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THE DEVELOPMENT OF THE VISUO-MOTOR INTERFACE

Figure 5 shows the effect of the experimental conditions
on the walking speed in the group of adults (upper panel)
and in a 5.5-year-old child (lower panel). Upper curves
represent the mean from the group of six adults, whereas
lower curves result from averaging five trials (per each con-
dition) from the same child. Contrary to adults, in whom
there was a small difference between the two conditions
(1.33 6 0.16 m/s vs 1.21 6 0.21 m/s in LIGHT and
DARK respectively) the children older than 5 (the youngest
refused to perform in darkness) decreased their speed by
37% when performing in darkness (from 0.956 0.14 m/s
in LIGHT to 0.606 0.23, in DARK).

Such an impressive effect of the visual condition on
walking speed in children and the fact that youngest chil-
dren absolutely refused to perform in darkness seems to fit
with the findings of above-mentioned studies on the absence
of early visual experience (3,31). A net reduction in loco-
motor speed has been previously observed in children
required to walk on a narrow support with balance difficulty
(5), but in the present study there was no path restriction
which could directly impair balance control. Studies con-
ducted on visually impaired adults and children reported a
decrease of locomotor speed with respect to healthy indivi-
duals, associated with a longer duration of stance phases
(16,39). Residual visual cues largely improved locomotor
speed of visually impaired children (39). It can be hypoth-
esized that the use of cues alternative to vision is awkward
to children, as they do not have enough time to learn
how to correlate self motion to optic flow to generate a
stable internal representation of the environment in dark-
ness. The affordance of peripheral flow for maintaining
stability (29,50) appears to be differentiated from the
affordance of central radial outflow for steering in adults
and children over two years, but the differentiation may
not be complete, and it may depend on exploratory loco-
motion and practice in walking (48). The observed effect
of the visual condition could also be explained by a
greater difficulty for children to consider their motion
relative to space in an objective, non-egocentric reference
frame. It has been recently shown (4) that updating the
internal representation of the outer space during locomotion,

involves different computational procedures depending on
whether an internal viewer-centred or an external object-
centred frame of reference is selected. Probably, the devel-
opment of these cognitive procedures requires long-term
locomotor practice.

CONCLUSION

Some authors dissociated two types of anticipatory
mechanisms involved during goal-directed locomotion: (1)
preparatory head (gaze) orienting movements toward the
goal which precede locomotion; (2) integrative or predictive
changes of head orientation which occur during the loco-
motor trajectory (18,28,33). The latter mechanism requires
the development of a true dynamic feedforward control
which was the main interest of the purpose study. It has
been reported that ‘preparatory’ movements mature earlier
than ‘predictive’ movements in gait initiation in children
(8). Certainly, the large intra-individual variability dis-
played in the present study by children can be interpreted
as an evidence that the feedforward control is not yet
definitely acquired and is not stable enough to show up
systematically. Early emergence and later stabilisation of
adult-typical response have been shown in the development
of anticipatory mechanisms in gait initiation (8) and in the
development of postural adjustments associated with sitting
(23). The present data provide some evidence that feed-
forward control of locomotor goal-directed trajectories is
increasingly important, from the first years of independent
gait onwards. The head seems to become progressively
more independent from the trunk and shows predictive
movements toward the goal. We suggest that further studies
on the development of anticipatory skills would greatly
benefit from an accurate kinematic analysis, such as are
performed in the present experiment.
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