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Abstract Spatial navigation from memory can rely on two

different strategies: a mental simulation of a kinesthetic

spatial navigation (egocentricroute strategy) or visual-

spatial memory using a mental map (allocentric survey

strategy). We hypothesized that a previously performed

‘‘oculomotor navigation’’ on a map could be used by the

brain to perform a locomotor memory task. Participants were

instructed to (1) learn a path on a map through a sequence of

vertical and horizontal eyes movements and (2) walk on the

slabs of a ‘‘magic carpet’’ to recall this path. The main results

showed that the anisotropy of ocular movements (horizontal

ones being more efficient than vertical ones) influenced

performances of participants when they change direction on

the central slab of the magic carpet. These data suggest that,

to find their way through locomotor space, subjects mentally

repeated their past ocular exploration of the map, and this

visuo-motor memory was used as a template for the loco-

motor performance.

Keywords Spatial navigation � Mental simulation �
Ocular exploration � Route and survey strategies

Introduction

To find one’s way from memory, one can either mentally

visualize previously experienced sequential paths, seen

from an egocentric perspective and associated with learn-

ing of landmarks and episodes (route strategy), or

remember a path from an allocentric strategy, as learned on

a map, for example (survey strategy) (Burgess 2006).

Route strategy consists in mentally recalling the suc-

cessive points of view that were stringed together during

previous walk executions together with kinesthetic mem-

ory of actions. Route strategy can therefore be considered

as episodic and egocentric, and involves what Berthoz

(1997) calls the topokinetic spatial memory because in such

a route strategy, the experimenter also often refers to

mental simulation of body movements (Vieilledent et al.

2003; Galati et al. 2010).

Mental simulation can be defined as an internalized

(covert) sequence of actions, which contrary to motor

imagery is executed without the subject knowing (Hesslow

2012; Nyberg et al. 2006). Olivier and Labiale (2008)

showed that ocular pursuits executed during memorization

of moving shapes were mentally simulated during visual

recognition of these moving shapes. Moreover, physio-

logical data show that a common network of frontal

structures functionally link execution and mental imagery

of eye movement (Lang et al. 1994).

Finally, a study demonstrated that fictive motion (The

road goes through the desert) affects eye movements by

evoking a mental simulation of motion that is immediately

integrated with the visual processing of picture (Richard-

son and Matlock 2007).

We assume here, that, in a similar way, to recall a path

learned on a map, a mental simulation of the ocular

movements executed during memorization of the path may

be required or, at least, used.

Nevertheless, since survey strategy is supposed to be

independent of the user’s point of view (Klatzky 1998),

mental simulation is supposedly never recruited. However,
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Vavrecka (2009) showed that same brains areas are

involved in the processing of egocentric and allocentric

reference frame. Cerebral activations being common to

both strategies, we argue that mental simulation should also

be involved as a component of survey strategy.

It is by now generally recognized that imagined move-

ments obey the same rules and have the same temporal

characteristics as actual movements (e.g., Papaxanthis et al.

2002). This was demonstrated in the domain of locomotion

(e.g., Kunz et al. 2009) and of ocular movements (Höl-

linger et al. 1999; Heremans et al. 2008). It has also been

shown that imagining body movements involve simulta-

neous eye movements (Heremans et al. 2011). This would

entail that route strategy involves both body and eye

movements simulation.

Herein, we argue that survey strategy also involves

mentally recalling the successive points of view that were

stringed together through previous ocular movements

during the observation of the map, as in route strategy. In

other words, survey strategy should involve at least to some

extent a mental simulation of eye movements. Conse-

quently, the mental simulation of the visual exploration of

a map should influence the efficiency of our navigation in

the environment.

To show the validity of our hypothesis, we have used the

fact that the motor skill characterizing body movement

influences the mental simulation efficiency of these

movements (as per Gentilucci et al. 1998; Olivier et al.

2004). We, therefore, assumed that the efficiency of survey

strategy should vary according to the anisotropy of ocular

movements, that is, according to the direction in which the

map ocular exploration happened (horizontal versus verti-

cal). It has indeed been shown that during ocular pursuit,

contact with the moving stimulus is more efficiently

maintained along a horizontal trajectory than along a ver-

tical one, both in adults (Rottach et al. 1996) and in young

children (Grönqvist et al. 2006). Brunyé et al. (2009) also

found that horizontal eye movements increase recognition

sensitivity and decrease responses times during a spatial

memory task, relative to vertical eye movements. Finally,

Ingster-Moati et al. (2009) demonstrated that maturation of

cerebral areas which underlie horizontal ocular movements

comes earlier during ontogenesis than those which underlie

vertical movements.

We have used this specificity of horizontal ocular move-

ments, compared to vertical ones, to make the following

prediction: execution of a locomotor path can be improved

depending on the direction of ocular exploration of this path

on a map. More precisely, a stage of a path learned through a

horizontal exploration of the map should be better retrieved

than a stage learned through a vertical exploration.

Whereas most previous studies used the same modality

(either map or land) for learning and recall phases (Piccardi

et al. 2008, 2011; Mellet et al. 2000), we have designed a

new protocol: (1) a learning phase involving the visual

exploration of a map; (2) a recall phase involving real

spatial locomotion. Note that, if Piccardi et al. (2011) used

a similar protocol, however, important differences can be

observed: the learning phase was static versus dynamic in

our experiment, and during recall phase, participants

changed of viewpoint.

The transition from one modality to the other, that is,

from map to land or from land to map, was examined by

Lafon et al. (2009). These authors were interested in the

way prior allocentric knowledge (cognitive precuing) of

the environment (map) affected the egocentric, purely

kinesthetic processes involved in human land navigation

(like if we read a map before going out in an unknown city,

but the map can be correct or wrong). Participants then had

to perform a free locomotor reproduction and a drawing of

the memorized path. Results showed that maps clearly

influenced the paths drawn, whereas locomotor reproduc-

tion was not disturbed. But Lafon et al. (2009) did not

study the oculomotor aspect of the task, despite it is being

used in both strategies. Also, they studied both modalities

(land and map), in both learning and recall tasks. Conse-

quently, the specific influence of each modality on the

other, that is, the influence of map precuing on locomotor

path, cannot be clearly assessed in this study.

This is why we proposed an alternative experimental

protocol, consisting in (1) learning a path on a map (ocu-

lomotor task); (2) recalling this path immediately after

through a locomotor task.

Methods

Participants

Thirty-two students (16 men and 16 women) from the

University of Nice Sophia-Antipolis, age 19–38

(M = 23.8, SD = 4.2), volunteered to participate in this

experiment. All participants had normal or corrected

vision.

Experimental setup

The experimental setup included two distinct equipments

used for the oculomotor (OT) and the locomotor tasks

(LT), respectively: a computer screen displayed a set of

targets that the subject had to explore sequentially (OT),

and a ground-based device made of translucent light plates

(‘‘the magic carpet’’) which is a locomotor version of the

table Corsi test used for defining a locomotor path (Piccardi

et al. 2008; Piccardi et al. 2011; Meilinger et al. 2011)

(LT).
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Oculomotor task (OT)

The subject is seated and presented with a map of 10 gray

squares (1.3 cm long) displayed on a computer vertical

screen, with a control of display and response times. Of the

10 squares, 9 are arranged at regular intervals on 3 lines

and 3 columns. The 10th square (the origin) is situated

under the central column and provides the starting point to

the oculomotor path (see Fig. 1). On this map, a red square

(the target) will be moving (using Director 7 software). At

first, the target overlays the origin for 1 s, then it moves in

a continuous movement from one square to another 9 times

and at the constant speed of 4.3 cm/s. Four different paths

are programmed (see Fig. 1), but whatever the path, the

target crosses the central square twice, after the 4th and the

8th moves, respectively. In a preliminary phase, we con-

trolled ocular movements during the exploration of the map

with an eye tracker on 10 volunteers (EyeLink 1000/SPS

152) (see Fig. 2).

Locomotor task (LT)

For this task, we used the ‘‘Magic Carpet’’, developed by

P. Leboucher and M. Ehrette, in its wireless version. Ten

30-cm long slabs are placed on the floor, so that they

reproduce the spatial pattern of the map used in the

learning (OT) task (see Fig. 1). The distance between two

slabs is 1.70 m. All slabs are equipped with pressure cap-

tors, and the wireless Magic Carpet software (3.07) records

the duration of the pressure applied to each slab when the

participant stops on it.

Procedure

The experiment took place in a quiet room and was pre-

sented to participants as a measure of their spatial memory.

It consists in learning a path on a map (OT) in order to

recall it immediately after through a locomotor task.

Oculomotor task protocol

Participants were instructed to visually follow the target,

in order to remember which way it moved. Right part of

Fig. 2 shows an example of ocular movements recorded

by the eye tracker during this learning task. Each path

was presented as many times as necessary for the par-

ticipant to be able to draw it from memory without error

on a sheet of paper reproducing the pattern of 9 squares.

The number of repetitions hence varied through

participants.

For the learning phase, 4 paths were proposed. Each

path was presented on the screen after a map rotation of

0�, 90�, 180� or 270�. As shown in Fig. 3, map orien-

tation and path factors were counterbalanced so that a

path or a map orientation was presented only once to

each participant. In this setting of map rotation, potential

effects of simple locomotion or gender will be counter-

balanced. In these experimental conditions, each partici-

pant learned 8 central changes in direction: 4 through

horizontal ocular movements and 4 through vertical ones.

Then, participants immediately proceeded to the recall

phase (locomotor task) on the magic carpet.

Locomotor task protocol

Participants stood on the starting slab with their feet

together and were instructed to walk on the carpet to

reproduce as fast and accurately as possible the oculo-

motor path they had performed. Due to map rotation,

each central change in direction on the map was asso-

ciated with either right- or left-turn on the carpet

(direction being irrelevant). Participants repeated this

procedure (ocular learning immediately followed by

locomotor performances) 4 times, a different path being

presented each time.

Operational hypothesis

On each slab of the magic carpet, participants have to

decide in which direction they continue walking, which

we argue is done through the mental simulation of the

ocular exploration of the map. On the central slab, in

particular, the mental simulation of horizontal ocular

movements should lead to shorter walking times than

that of vertical ocular movements since horizontal ocular

learning is more efficient. As horizontal eye movements

are done during encoding in our experiment, we can

expect a similar facilitator effect during locomotion.Fig. 1 A participant on the central slab of the magic carpet
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Data

We measured participants’ performances only when they

changed direction on the central slab, because it is the

only situation where they had the choice between three

behaviors: move straight forward, turn right, or turn left

(versus only two possible behaviors on the other slabs).

Moreover, the central slab was the only one where

participants stood twice (Cf. Fig. 1). Performance is

measured by walking time, that is, the mean time during

which participants stood on the central slab of the magic

carpet before moving on.

When participants did not move in the right direction

when leaving the central slab, the corresponding data were

excluded (3.5 % of the data). One participant’s data were

excluded from analyses because 87.5 % of walking times

on central slab was missing.

Results

Statistical analysis

Learning phase

The mean number of attempts (M = 2.10, SD = 0.85)

participants made before learning the path in the oculo-

motor protocol significantly varies with gender, men

requiring less repetitions (M = 1.67, SD = 0.78) than

women (M = 2.53, SD = 0.69; t (126) = -6.62,

p = .00).

Locomotor task

A repeated analysis of variance was conducted on mean

walking time on the central slab, with ocular movement

Fig. 2 On the left, experimental conditions of ocular learning of

paths. On the right, an example of ocular movements during this

learning phase: circles represent visual fixations (the bigger the

diameter, the longer the fixation) and arrows the successive gaze

moves’ directions (the longer the arrow, the faster the gaze move). In

this example, one can see the two central changes in direction

(vertical saccades 6 and 14)

Fig. 3 Example of combination of paths and maps orientations presented to one subject

Exp Brain Res

123

Author's personal copy



(horizontal, vertical) and gender (male, female) as factors.

While mean walking time is 1.54 s (SD = 0.42 s), walking

times vary significantly with the direction of the learned

ocular movement (F(1,29) = 6.5, p \ .02): as expected,

participants are faster when this movement is horizontal

(M = 1.46 s, SD = 0.36 s) than when it is vertical

(M = 1.62 s, SD = 0.46 s), and as expected, errors are

only turning errors on the central slab (not slab omissions).

The mean number of errors (N = 9; M = 0.28, SD =

0.36) is near to ceiling, so statistical analysis could not be

done.

Walking times also vary significantly with gender

(F(1,29) = 5.09, p \ .05), female participants

(M = 1.40 s, SD = 0.32 s) being faster than male partic-

ipants (M = 1.68 s, SD = 0.37 s). The interaction between

the direction of the learned ocular movement and gender

(F(1,29) = 2.08; NS; MSE = 0.06; see Fig. 4) shows,

however, that men are significantly faster when the learned

ocular movement is horizontal (M = 1.55 s, SD = 0.36 s

vs. M = 1.81 s, SD = 0.46 s) than when it is vertical

(F(1,29) = 8.16, p \ .01), while women are not

(F(1,29) = 0.58; NS; MSE = 0.06).

Discussion

Anisotropy

Our results confirm the hypothesis that ocular anisotropy

plays a role in locomotion from memory: mean walking

time on the central slab was shorter when the next stage

had been memorized through horizontal ocular movement.

As in the experiment of Brunyé et al. (2009), horizontal eye

movements before recall led to better performances than

vertical ones. Our results also confirm the positive impact

of horizontal learning of a stage compared to vertical one,

as in the moving targets memory task of Olivier and

Labiale (2008). We conclude that the anisotropy charac-

terizing the ocular learning of the map influenced walking

times on the carpet through a motor transfer.

It would be interesting to reproduce this experiment with

participants who read vertically as well as horizontally, as

in Chinese. We could hence study the effect of oculomotor

habits on ocular anisotropy, and by extension the effect of

oculomotor habits on mental simulation efficiency of eye

movements.

Motor transfer

How do past ocular explorations have an influence on

subsequent locomotor behaviors? In Lafon et al. (2009)

study, participants drew their sketches based on the pre-

cuing map rather than on the remembered traveled path.

For the authors, participants memorized a visual snapshot

of the path rather than constructing a representation fol-

lowing their kinesthetic perception because the first strat-

egy is cognitively easier for the drawing task. In the same

way, kinesthetic information derived from the walking path

was preferentially used for the locomotor task. They con-

clude that the path may have been encoded sequentially in

two different ways: kinesthetically (by walking) and visu-

ally (by learning a map). These two types of memory were

used separately by two different strategies.

Our results suggest another interpretation. According to

these authors, drawing a path requires ‘‘visual imagery’’

process, which relies on stored visual information, whereas

traveling a path is based on a ‘‘motor imagery’’ process,

corresponding to a mental simulation of the physical motor

command, that is to say the mental simulation of the real

walk executed. But these authors did not take into account

the fact that ocular movements can lead to a ‘‘motor

imagery’’ process rather than a purely visual imagery

process. Our study shows that an ‘‘allocentric map-like

representation’’ of the path which is explored by eye

movements on the screen influenced the performances of

recall during locomotor path, suggesting that participants

required a mental simulation of the ‘‘ocular walk’’ exe-

cuted, which is a form of kinesthetic memory. In other

words, our results reveal the existence of a motor transfer,

which could be mediated through an allocentric recon-

struction of the locomotor path taking into account the

properties of the oculomotor system, from ocular move-

ments to body movements.

Moreover, and particularly consistent with our hypoth-

esis, common cerebral activations to route and survey

strategies (e.g., parieto-frontal networks) and specific

cerebral activations to route strategy (e.g., bilateral para-

hippocampal gyrus) also participate to the cortical control
Fig. 4 Mean walking times as a function of gender and ocular

learning direction
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of ocular saccades in humans (for a review, see Pierrot-

Deseilligny et al. 2003).

However, this does not mean that actual eye movements

are necessary: a study of Laeng and Teodorescu (2002)

showed that the ocular fixation of a shape (participants

were not allowed to explore it) can be mentally simulated.

These authors conclude that during visual imagery, visual

system reenacts the oculomotor behavior executed during

perception of stimuli.

Gender

Concerning the gender effect, the interpretation is more

delicate: learning direction does not influence women

performances, whereas men are faster when learning

direction is horizontal versus vertical. Eye-tracking data

showed that women spend more time looking at landmarks

than men during navigation in a virtual maze (Andersen

et al. 2012). It is well known that there are important

gender differences in spatial cognition (Kimura 1999;

Lambrey and Berthoz 2007). Even though there is no

experimental evidence concerning the specific kind of tasks

involved in this study in adults, a previous study showed

that elderly men demonstrate better tracking performances

than elderly women in an ocular pursuit task (Hutton et al.

1983). A recent study revealed that girls aged 7–12 years

encountered more difficulty than boys to preserve the

temporal organization of the imagined movement (Hoyek

et al. 2009). Compared to actual execution, motor imagery

duration was much shorter for girls.

Taken together, these specificities could explain why

women are faster than men in our locomotion task: if our

results seem to reveal the absence of ocular anisotropy in

women, they do not show the absence of mental simulation

of ocular movement.

Conclusion

Our participants used mental simulation of eye movements

executed during the learning phase in their recall perfor-

mances. Further studies have to explore precisely the role

of mental simulation, for example, by explicitly asking

participants to mentally simulate the ocular path before

recall, as Vieilledent et al. (2003) showed that mental

simulation led to better reproduction of the global shape of

a path and in fact was as effective as actual physical

practice.

To conclude, the present study suggests that locomotion

during spatial navigation is influenced by the mental sim-

ulation of previously executed oculomotor scanning, as if a

yet to be understood motor transfer occurred.
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