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Abstract

The use of virtual reality as tool in the area of spatial
cognition raises the question of the quality of learn-
ing transfer from a virtual to a real environment. It is
first necessary to determine with healthy subjects, the
cognitive aids that improve the quality of transfer and
the conditions required, especially since virtual reality
can be used as effective tool in cognitive rehabilitation.
The purpose of this study was to investigate the influ-
ence of the exploration mode of virtual environment
(Passive vs. Active) according to Route complexity
(Simple vs. Complex) on the quality of spatial knowl-
edge transfer in three spatial tasks.

Ninety subjects (45 men and 45 women) partici-
pated. Spatial learning was evaluated by Wayfinding,
Sketch-mapping and Picture classification tasks in the
context of the Bordeaux district. In the Wayfinding
task, results indicated that active learning in a Virtual
Environment (VE) increased the performances com-
pared to the passive learning condition, irrespective of
the route complexity factor. In the Sketch-mapping
task, active learning in a VE helped the subjects to
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transfer their spatial knowledge from the VE to reality,
but only when the route was complex. In the Picture
classification task, active learning in a VE when the
route was complex did not help the subjects to transfer
their spatial knowledge. These results are explained in
terms of knowledge levels and frame/strategy of refer-
ence.

Keywords: Virtual reality, Spatial cognition,
Knowledge transfer, Exploration mode, Exocen-
tric/Egocentric referential/strategy, Route complexity,
Wayfinding.

1 Introduction

1.1 Spatial cognition

Spatial cognition refers to the capacity and the cog-
nitive processes necessary to move in an environment
without getting lost. This capacity needs the acquisi-
tion of three knowledge levels [SW75| IPL81]: Land-
mark knowledge; Route knowledge and Survey knowl-
edge (general configuration where signs and routes are
linked). Firstly, the acquisition of several landmarks
inside the environment is the basis of spatial cogni-
tion. The shape, the structure, and/or the socio-cultural
meaning of signs allow their integration [Gol99]. Sec-
ondly, the subject acquires the ability to link the land-
marks and learns routes between them. At this level,
the subject is able to build a mental representation of
a route from a departure point to an arrival point using
the different landmarks [[TG83||. Finally, the subject is
able to develop survey knowledge. He builds a topo-
graphical representation of the environment contain-
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ing all of the associated spatial information (i.e., land-
marks and routes) such that he can infer the entire en-
vironment representation, can estimate Euclidean dis-
tances and contemplate shortcuts [PDH89]]. At this fi-
nal level of knowledge, the representation built is sim-
ilar to a “plane view” also called survey-type knowl-
edge. The acquisition of these three knowledge levels
(i.e., Landmark, Route and Survey) provides cognitive
maps [Tol48]]. The cognitive map refers thus to the
more elaborate mental and exocentric representations
of spatial environment [Kit94] including the shape of
spots, lines and surfaces [Scr00].

These three acquisition levels are related to a spa-
tial frame of reference according to the distinction
between the Egocentric (referring to the body) and
the Exocentric (or allocentric) referential (referring
to fixed external landmarks that require the out-of-
focus capacity to imagine a different viewpoint from
one’s own viewpoint) [PL81]]. The egocentric refer-
ential corresponds to the first two knowledge levels
(i.e., Landmark and Route) while the exocentric refer-
ential to the third knowledge level (Survey), also called
“cognitive map”. Moreover, the referential frame in-
fluences the strategy of navigation [Ber99]: egocen-
tric strategy or exocentric strategy. Different tasks are
designed to test separately the subject’s strategy: for
example, a picture (with landmarks) classification task
for egocentric strategy and a sketch-mapping task for
an exocentric strategy. Spatial cognition, including the
three acquisition levels as well as the egocentric or
exocentric referential, is classically assessed by route
execution tasks. These tasks consist of Wayfinding,
which is the capacity to learn and to replicate a route in
the environment. Wayfinding might be simply driven
more by an egocentric spatial representation, as in the
picture classification.

1.2 Spatial learning and virtual reality

According to Fuchs [EMPOLI|, “the aim of virtual re-
ality is to allow a person (or several people) to per-
form a perceptive-motor as well as a cognitive activ-
ity in an artificial world, numerically created, which
could be a fantasy world, symbolical or a simulation
of some aspects of the real world”. Several advantages
in the use of virtual reality have been highlighted and
notably in cognitive and neuropsychological applica-
tions. For example, VE applications provide more
naturalistic cognitive assessment because they offer a
plausible simulation of the following; the real world

and the subject’s daily activities with regard to the sub-
ject’s safety (in the case of simulated dangerous situa-
tions); experimental control (parameters and immedi-
ate retroaction); the specific user’s needs (i.e., config-
uration/flexibility of application according to use and
users); etc. Consequently, VE applications are cur-
rently seen as the future neuropsychological tools for
evaluating spatial cognition [RBROS!, IK1106].

Studies on spatial knowledge transfer from virtual
to reality indicate that subjects increase their spa-
tial learning in real environments by using the ap-
propriate characteristics from the virtual environment
e.g. [WBKP96, [AHC96, WHKI8, RMH99, [FSP™00,
V1d02! [L1a08]]. In other words, because VE reinstates
relevant characteristics from reality, positive knowl-
edge transfer is efficient [PCOIl]. One of the fac-
tors identified as promoting transfer is the exploration
mode of navigation in VE. Outside the virtual real-
ity area, the beneficial effect of an active exploration
mode is well known (e.g., memory of a motor se-
quence is better after active rather than passive learn-
ing). This beneficial effect increases with the in-
creasing complexity of the task [EZMS94]. In VR,
Wilson et al. [WFGS97| distinguish two types of ex-
ploration: active vs. passive mode. Active explo-
ration involves the subject’s interaction with the in-
terface (e.g., joystick, glove, keyboard, etc.) while
passive exploration does not. Generally, exploration
is seen as active when the individual can move with
few constraints in the VE, and as passive when the
subject is constrained to visualize a pre-determined
recorded route. Pruch and Corazzini [PCO1] indi-
cate that some experiments demonstrate a superior ef-
fect of active exploration for spatial knowledge ac-
quisition e.g. [PVG93, [CB99, [CGMV02, [FAPT03],
whereas others do not demonstrate any difference, or
even an inferior effect compared to the passive mode
e.g. [WEFGS97, IGVKBOI1, (WP02, PW04]. These in-
consistent findings could be explained in the light of
the distinction between the exocentric and egocentric
referential. The studies mentioned used different VEs
and spatial recall tasks that vary in their complexity
and, thus, in the difficulties of building an exocentric
cognitive map. In other words, the benefit of active ex-
ploration occurs only when a high exocentric knowl-
edge level is required (by the VE complexity and/or
spatial recall tasks used).

In this context, the aim of this research was to in-
vestigate the influence of the exploration mode of a
virtual environment (Passive vs. Active) according to
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Route complexity (Simple vs. Complex) on the qual-
ity of spatial knowledge transfer in three spatial tasks
that require either egocentric or exocentric referential,
or both. The final objective is to obtain valid tools for
cognitive rehabilitation.

2 Method

2.1 Participants

Participants were 90 student volunteers from Vic-
tor Segalen Bordeaux 2 University (45 men and 45
women, on average of 20 years old). All the subjects
were native French speakers and right-handed. 45 sub-
jects were in the Simple Route condition and 45 were
in the Complex Route condition. For each condition,
3 groups of 15 subjects were formed, corresponding to
the three Type of Learning conditions (Passive Virtual
vs. Active Virtual vs. Real). To balance the groups,
subjects performed paper-pencil tests assessing their
spatial skills, as follows:

e The Survey Aptitude test (only parts 5 and 6)
[GZ81]] where part 5 assesses the spatial orienta-
tion factor (i.e., the ability to imagine an object’s
appearance from different perspectives) and part
6 assesses the spatial visualization factor (i.e., the
ability to recognize an object from different an-

gles);

e The mental rotation test [VK78]], assessing the
spatial visualization factor through the ability to
execute mental rotations on an object.

There were no significant differences in perfor-
mance on this test between each group.

2.2 Material

The material was composed of two environments: real
vs. virtual. The real environment was an area near
Bordeaux hospital (Figure [TI). We used a real envi-
ronment for comparison between the learning in the
virtual environment (Passive vs. Active) and optimal
learning (in reality) from which we infer the quality of
the learning transfer from Virtual to Real. The virtual
environment was a virtual replica of the real environ-
ment. It was created in 2006 by engineering students
from the Cognitive Institute using Virtools (©software.
The environment contained many details (Fig.[T)). The
designers performed metric analysis of the terrain in

Figure 1: Street in the virtual environment.

order to reproduce faithfully the dimensions and dis-
tances in the real environment. They also took pho-
tos of several buildings facades in order to incorporate
them into the virtual environment. The itinerary was
presented to subjects on the basis of an egocentric ref-
erential, at head height, as if the subject were looking
through a camera. Significant landmarks (e.g., sign-
post, sign, urban furniture, etc.) as well as a hearing
environment (i.e., urban sounds) were included in the
VE.

To manipulate the exploration mode in the VE under
the passive condition, participants visualized only the
route without any interaction, whereas under the active
condition they used a joystick offering interaction with
the VE.

To manipulate route complexity, two different route
conditions were proposed as follows:

e Simple route: 787 meters, 9 streets, 12 intersec-
tions, 10 direction changes;

o Complex route: 1457 meters, 14 streets, 18 inter-
sections, 18 direction changes.

The material used in the virtual reality room
was a personal computer Dell©(3 GHz, 5Go in
RAM) with NVidia©©Quadro FX 4400 graphics card,
Fl1+(©projector, a 2 x 1.88 meter screen (to allow the
correct immersion of the subject) and a Logitech force
3D pro joystick for the active exploration mode. The
participants were sitting two meters from the display
screen
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2.3 Procedure

After reading the experimental instructions, the exper-
iment procedure was as follows for each participant:

1. Paper-pencil spatial skill tests (40 min);

2. Training phase (10 min): the subject visualized a
VE similar at the VE used in learning phase;

3. Learning phase of the route(15 min on the simple
route and 25 min on the complex route): depend-
ing on the random allocation of the conditions,
the participant visualized either the simple route
or the complex route. In each condition, the par-
ticipants were divided into three groups accord-
ing to the exploration mode: (1) active virtual en-
vironment (the participant used a joystick offering
an interaction with the VE, the route was still pre-
established by the researcher who gave instruc-
tions about the direction) vs. (2) passive virtual
environment (the participant only visualized the
route recorded and without any interaction) vs.
(3) the real environment (the participant actually
did the route following instructions). This lat-
ter condition was the control condition to provide
the baseline measure for an optimal and natural
spatial learning transfer (from real to real) e.g.,
Richardson et al. 1999 [RMH99||; Waller et al.
2001 [WHKOS].

4. Test phase: for this phase we used three tasks fre-
quently used in this type of experiment. The order
was counterbalanced. The three tasks were:

o Wayfinding task in reality: Reproduction of
the route in reality (without a time limit).
The participant had to replicate the learned
route in reality. Direction errors and hes-
itations (when the participant stopped and
turned his head in two different directions
before setting off again on his walk) were
noted. In case of error, the participant was
stopped and was asked to take another di-
rection. In some cases, participants made a
hesitation followed by a directional error, or
even made several directional errors in the
same intersection. In all cases, each error or
hesitation was counted.This task can be per-
formed with an exocentric as well as with an
egocentric referential.

o Sketch-mapping task: Freehand reproduc-
tion in the form of a sketch of the visualized
route (10 min). The required sketch was
a simple outline sketch (the connected seg-
ments). The task was to indicate the direc-
tion changes and to count them. This task
refers to an exocentric referential.

e Picture-classification task: Make a series of
pictures taken along the route in chronolog-
ical order (10 min). This task refers to an
egocentric referential.

3 Results

As described above, three experimental tasks were un-
dertaken by the subjects (i.e., Wayfinding, sketch map-
ping, and picture classification). For each one, the
results were analyzed with ANOVA [3 (Exploration:
Passive virtual vs. Active virtual vs. Real) x 2 (Route:
Simple vs. Complex)] with independent measures.

3.1 Wayfinding task in reality

This task provides two indicators: errors of direction
and hesitation during the route replication in the real
environment. The results were then analyzed using
these two indicators and were expressed in percent-
ages.

For directional errors, an ANOVA applied on these
percentages revealed a significant effect of Explo-
ration [F(2,84) = 23,293;p < 0,0001] and Route
[F(1,84) = 23,748;p < 0,0001]. Examination
of the means indicated that performances were bet-
ter (i.e., fewest errors) when the subjects were trained
in the real world, then actively navigated in the VE,
then passively moved in the VE. In addition, higher
performances were obtained on the simple rather than
the complex route condition. The interaction “Pre-
sentation x Route” was not significant [F'(2,84) =
1,607;p > 0,20] indicating a similar performance
pattern (i.e., learning in a real environment > active
learning in a VE > passive learning in a VE), irrespec-
tive of the route complexity.

For hesitations, an ANOVA applied on these per-
centages revealed a significant effect of Exploration
[F'(2,84) = 26,213;p < 0,0001] and Route
[F(1,84) = 20,820;p < 0,0001]. Examination
of the means indicated that performances were bet-
ter (i.e., fewest errors) when the subjects were trained
in the real world, then actively navigated in the VE,
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then passively moved in the VE. Again, higher per-
formances were obtained in the simple rather than the
complex route condition. The interaction “Exploration
x Route” was not significant [F'(2,84) = 0,840;p >
0, 43], indicating a similar performance pattern (i.e.,
learning in a real environment > active learning in a
VE > passive learning in a VE), irrespective of route
complexity.

Therefore, on the Wayfinding task (Fig. 2] and [3),
active learning in a VE increased the performance of
the subjects compared to passive learning in a VE. Al-
though the performance did not reach the same level
as that of the subjects who learned in the real envi-
ronment, it may be concluded that active learning in a
VE helped the subjects to transfer their spatial knowl-
edge from the VE to reality. Furthermore, as no signif-
icant interactions were observed (i.e., Exploration and
Route factors), the results also demonstrated that this
conclusion in the Wayfinding task is true, whatever the
route complexity.

3.2 Sketch-mapping task (exocentric refer-
ence)

In this task, the experimenter counted errors in
changes of direction on the sketches. Then, the score
was compared to the best potential score (i.e., 10 or 18
in the simple or complex route condition, respectively)
to obtain percentages.

An ANOVA applied to these percentages revealed
a significant effect of Exploration [F(2,84) =
35,287;p < 0,0001] and Route [F'(1,84) =
13,390;p < 0,01]. Examination of the means in-
dicated that performances were better (i.e., fewest
errors) when the subjects were trained in the real
world, then actively navigated in the VE, then pas-
sively moved in the VE. Once again, a higher per-
formance was obtained in the simple rather than the
complex route condition. The interaction “Exploration
x Route” was significant [F'(2,84) = 21,276;p <
0,0001], indicating that in the simple route condition,
the performances were almost similar irrespective of
the exploration condition, while in the complex route
condition, an active virtual condition enhanced perfor-
mances nearly to the level of those obtained in the
real condition compared to the passive condition. In
other words, subjects who learned the complex route
in an active VE performed clearly better than those
who learned the same route in a passive VE.

In the sketch-mapping task (Fig. H), active learning

in a VE helped the subjects to transfer their spatial
knowledge from the VE to reality, but only when the
route was complex.

3.3 Picture-classification task (egocentric ref-
erence)

In this task, the experimenter counted the classifica-
tion errors. Then, the score was compared to the best
potential score (i.e., 12) to obtain the percentages.

An ANOVA applied on these percentages re-
vealed a significant effect of Exploration [F'(2,84) =
57,064;p < 0,0001]; and Route [F(1,84) =
85,707;p < 0,0001]. Examination of the means
indicated that performances were better (i.e., fewest
errors) when the subjects were trained in the real
world, then actively navigated in the VE, then pas-
sively moved in the VE. Higher performances were
obtained in the simple rather than the complex route
condition.

The interaction “Exploration x Route” was signif-
icant [F'(2,84) = 27,561;p < 0,0001], indicating
that in the simple route condition, performances were
almost similar irrespective of the exploration condi-
tion while in the complex route condition, both active
and passive virtual condition decreased performances
compared to the real condition. In other words, sub-
jects who learned the complex route in VE received
no benefit from the active condition.

In contrast to the Sketch mapping task, active learn-
ing when the route was complex in VE did not help
the subjects in the Picture classification task (Fig. 5] to
transfer their spatial knowledge from the VE to reality.

4 Discussion

The aim of this research was to investigate the in-
fluence of the virtual environment exploration mode
(Passive vs. Active) according to the Route complexity
(Simple vs. Complex) on the quality of spatial knowl-
edge transfer in three spatial tasks.

For the Wayfinding task and concerning the spa-
tial knowledge transfer, our study shows that a posi-
tive transfer from a VE to reality. Comparable find-
ings were reported in other studies e.g., [WBKP96,
AHC96, WHK98, RMH99, [FSPT00, [Vid02, [Lia08].
Nevertheless, this positive transfer was less efficient
than that provided by the real learning condition. This
is likely due to the wellknown principle of appropriate
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Figure 2: Percentage Errors in the Wayfinding task according to Exploration mode and Route conditions.
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Figure 3: Percentage Hesitations in the Wayfinding task according to Exploration mode and Route conditions.
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Figure 4: Percentage Errors in the sketch-mapping task according to Exploration mode and Route.
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Figure 5: Percentage Errors in the picture classification task according to Exploration mode and Route.
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processing transfer [MBE77] where learning perfor-
mance is optimized with perfect matching of the learn-
ing and recall conditions. Therefore, active learning in
a VE increased the performance of the subjects com-
pared to passive learning. These results support our
main assumption and are in accordance with previous
findings e.g., [PVG93, [CB99, [CGMV02, [FAPT03].
For example, Péruch et al. [PVG95] found that spatial
learning, as tested with a Wayfinding task, was greater
in an active than a passive condition. The authors sug-
gested that recall of spatial layout was better in an ac-
tive learning condition, as the subjects were able to re-
spect perception-action coupling and to correlate mo-
tor and visual inputs. The higher performance in the
active learning condition was thus explained by opti-
mized integration, even if others factors may have been
involved such as an increase in motivation and task in-
volvement due to interactivity (i.e., by the joystick).

By contrast, for the sketch-mapping and picture
classification tasks, the benefit from active learning in
VE was dependent on the route complexity factor (i.e.,
interaction effects). In the sketch-mapping task (exo-
centric referential), active learning in a VE helped the
subjects to transfer their spatial knowledge from the
VE to reality, but only when the route was complex.
Conversely, in the Picture classification task (egocen-
tric referential), active learning for a complex route in
VE did not help the subjects to transfer their spatial
knowledge from the VE to reality.

The impact of route complexity on the benefit of
active learning on both sketch-mapping and the pic-
ture classification tasks indicates that the benefit de-
rived from active learning is induced by spatial knowl-
edge level demands. When the recall task is based on
exocentric knowledge (i.e., sketch mapping) and re-
quires construction of a cognitive map, a benefit is ob-
tained in complex route. When the recall task is based
on egocentric knowledge (i.e., picture classification),
no benefit is obtained irrespective of route complex-
ity. This suggests that the benefit from active learning
specifically promotes the construction of exocentric
rather than egocentric spatial knowledge. It can there-
fore be assumed that the optimized perception-action
integration induced by active learning specifically fa-
vors the construction of exocentric spatial knowledge.

The main conclusion from this study is that spatial
knowledge transfer can be boosted by active learning
if the task requires the full use of exocentric spatial
knowledge (i.e., with the Sketch-mapping task in com-
plex route and eventually with the Wayfinding task).

This assumption could also explain the heterogeneous
findings with regard to active/passive learning manip-
ulation. Indeed, when no active effect is found, it may
be that the route inside the VE and/or the task used are
too simple (the subjects do not need any exocentric
spatial representation to perform the task).

More investigations are required to confirm these
results and to investigate further the relationship be-
tween exploration mode, route complexity, and the
subject’s strategy. This is particularly relevant in the
quest to determine how, why and for which type of
patient virtual reality can prove useful in the assess-
ment and rehabilitation of spatial capacity. In the fu-
ture, such studies should lead to VE tools that provide
appropriate cognitive aid for brain-injured patients. In
this vein, our project is to use this virtual environment
as a diagnostic and rehabilitation tool for Parkinson,
Alzheimer and brain-injured patients.
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