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ABSTRACT

Spatial abilities in children have been shown to be related to activity in the environment, par-
ticularly to walking and other forms of active locomotion. The objective of this study is to

investigate whether virtual reality (VR) can assist children in transferring spatial learning to
a real environment. Children (six and seven-yr-old participants) were asked to find ten ob-
jects hidden around a room and to try not to visit the same location more than once. Exami-
nation of the percentage of correct choices and the visit of first error showed improvement as

a result of training. There were initial differences between children trained on the computer
compared to those trained in the real environment. However, after three practice trials, chil-
dren with the VR training were comparable to children trained in the real space. The impli-
cations for utilizing a VR environment for enhancing spatial abilities for children with mo-

bility difficulties is discussed.

ALTHOUGH THE USE OF THREE-DIMENSIONAL

computer animation and virtual reality
(VR) is becoming more widespread, there is lit-
tle concrete evidence to demonstrate whether
transfer of learning to real space is actually oc-

curring in children practicing spatial skills in
VR. Though this question is important in
demonstrating the usefulness of VR as a train-
ing tool, it has particular importance for children
with disabilities. It has been suggested that VR
may become a meaningful resource for people
with disabilities by providing them with expe-
riences that would not normally be possible be-
cause of physical limitations.1"3 VR is defined as

an immersive and interactive three-dimensional
(3D) computer experience occurring in real
time.4 In other words, VR applications use 3D
computer graphics, give the user a sense of im-
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mersion, and respond interactively to the user's
movements in the virtual environment (VE).

VR and training applications
In addition to the potential for improving

spatial skills using VR, other practical training
applications have included industrial and mil-
itary training,5 firefighter training,6 medical
and rehabilitation training,7 and architectural
and urban planning.8 VR can assist in training
by providing an opportunity for practice where
that opportunity may be difficult or impossible
to achieve first-hand. The underlying principle
for the use of VR for training is the opportu-
nity for simulated learning, experience, and
practice to be transferred to the real world. Us-
ing a simulated environment, VR can assist in
real-world situations which are either too

costly, too dangerous or too difficult to experi-
ence. For example, VR can allow individuals
with physical disabilities and mobility prob-
lems the opportunity for experiences and sen-
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sations not available to them in the real world,
as well as provide an environment conducive
to rehabilitation training.1 Other benefits may
include the opportunity for control and prac-
tice that would instill a sense of skill and con-

fidence, an environment free of physical and
social hazards,3 and training that is stimulating
and interesting.9
Spatial abilities and active exploration

The active, immersive and simulative nature
of VR lends itself to the investigation of train-
ing opportunities for improving spatial knowl-
edge and skills. Theoretically, the acquisition
of spatial knowledge in children has been re-

lated to active exploration of the environment,
particularly to walking and other forms of lo-
comotion.10 Siegal and White11 suggest that lo-
comotion (walking) is an essential condition for
the construction of spatial representations,
since it provides direct sensorimotor informa-
tion about landmarks and routes. There is evi-
dence that children who actively explore an

environment, by moving in it or by manipulat-
ing objects, perform better on tests of spatial
knowledge than children who just watch. For ex-

ample, Feldman and Acredolo12 found that
young children permitted to actively explore an
environment were better at remembering the lo-
cation of an event than those who were passively
led. Hazen13 concluded that after active explo-
ration, three-year-old children better understood
spatial relationships. Recently, in a study of six-
and seven-year-old children, with and without
physical mobility difficulties, McComas, Dul-
berg and Latter14 trained children in a memory
location task. They found that children who ac-

tively moved to find the pieces during training,
as opposed to being pushed passively in a wheel-
chair, performed better on a subsequent test of
the task. The factorial design allowed the re-

searchers to examine the influence of choice and
movement during training. When these factors
were teased apart, active movement was the im-
portant factor for spatial memory.

Spatial abilities and computer interfaces
Children with mobility impairments often

have more difficulty with spatial tasks than
children without disabilities.15'16 Aside from

the possible effects of neurological damage,
children with mobility impairments often lack
the opportunity for self-governed exploration,
which may account for their limited spatial
awareness.17 The notion that computers can be
used to help children with physical disabilities
acquire spatial knowledge and skills not oth-
erwise accessible in real space is appealing.
Conditions considered necessary for influenc-
ing spatial abilities with computer environ-
ments include: the opportunity for repeated
practice, physical and mental manipulation of
two-dimensional (2D) and three-dimensional
(3D) objects, the coordination of horizontal and
vertical axes,18 the coordination of perspec-
tives, induction activities, and parallel process-
ing.19 Evidence of the effect of repeated prac-
tice on improving children's spatial cognition
with computer games that involved visual per-
ception and discrimination of 3D objects at dif-
fering speeds, distances, and orientations was

noted by McClurg and Chaulé.20 Early studies
by Dorval and Pépin21 and Gagnon22 examined
the impact of computer training on adults' spa-
tial abilities, finding that undergraduate stu-
dents who were trained in video games scored
higher on subsquent measures of spatial abili-
ties than those without training.

Transfer of training from VR to real space
As VR has increased in accessibility and at-

tention, researchers have begun to investigate
its effect on spatial skills and knowledge, and
whether spatial learning can transfer from the
computer to the real world. There is some ev-

idence that spatial learning occurs through ex-

ploration of VR environments. Péruch, Vercher
and Gauthier23 compared active and passive
exploration of 3D computer-simulated envi-
ronments and found that active hand sensori-
motor activity via joystick manipulation had a

positive influence on spatial performance in a

simulated environment. Regian, Shebilske and
Monk9 found that spatial learning occurred
when subjects were trained on a virtual console
or on a maze task (navigating several rooms)
in VR. As well, research focusing on route nav-

igation training found that VR was as effective
as the more familiar blueprint format typically
used by fire rescue personnel.6
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Although these studies have shown that spa-
tial knowledge may be acquired while work-
ing in VR, there is a paucity of research exam-

ining the transfer of spatial knowledge from
computers to real environments. Essentially,
can training in VR improve spatial skills in the
real world? Regian, Shebilske and Monk9 sug-
gest the potential of simulation-based learning
for spatial skills, since VR preserves the vi-
sual-spatial characteristics of the simulated
world and provides a connection between the
individual's motor actions and resulting ef-
fects. In one study, Wilson, Foreman and
Tlauka17 tested severely disabled children's
knowledge of a real environment and found
that spatial learning from VR to real space oc-

curred at a level better than chance. They com-

pared the children's performance for finding
objects in a real environment, following simu-
lated VR training, to the best guess of college-
aged students. However, Kozak and his col-
leagues5 found that real-world training
resulted in better performance than VR train-
ing on a motor task where cans had to quickly
be placed at target locations. The problems af-
fecting transfer of learning in this study may
have been due to the motor nature of the task,
which resulted in computer interface problems
as well as a lack of sensory feedback.5

Other factors that may limit the effectiveness
of VR training for increasing spatial skills, be-
sides a possible discrepancy between interface
reaction, feedback and real-life movement, in-
clude: (1) the artificial nature of VR which of-
fers mostly visual feedback;5'17 (2) the different
properties or characteristics of a virtual envi-
ronment compared to those of the real world
(e.g., gravity);5 and, (3) the level of the indi-
vidual's spatial capabilities, which may impede
new knowledge/skill acquisition.17

With the overall goal of developing and re-

fining a VR tool that will help children with
physical disabilities, the present study attempts
to first examine how spatial learning is trans-
ferred from a virtual environment to a real en-

vironment. Specifically, baseline data was col-
lected on children without disabilities who
trained in a VR spatial task that simulated the
task in real space. It was hypothesized that the
children in the computer-simulated training
group would: (1) demonstrate learning of a

spatial task, and (2) perform similarly to chil-
dren who had real-space training. The task was

designed to allow children with physical dis-
abilities to participate in future studies.

METHODS

Subjects
Thirty-eight children, 16 boys and 22 girls,

participated in the study. Composed of chil-
dren from Grades 1 (52.6%) and 2 (47.4%), 20
subjects were six years old, 17 were seven years
old, and one was eight years old (M = 6.5,
SD = .56). The children were recruited from an

urban school with a population of approxi-
mately 100 children in Grades 1 and 2.

Setting and Materials
Children were assigned to either a real envi-

ronment training condition or a computer
desktop VR training condition that simulated
the real space. Typically, desktop VR utilizes a

personal computer, where the virtual environ-
ment is displayed on a conventional computer
monitor and movement within the environ-
ment is effected through either a mouse, a key-
board, or a joystick. For the real environment
training condition, the children were tested in
a large school classroom (7.32 m X 7.32 m) that
was cleared of movable furniture. Landmarks
such as poster boards, windows, blackboards,
the teacher's desk, and a reading area were

clearly visible. Ten 1.5-m high, identical card-
board clowns, secured on wooden frames, were

arranged at equal distances to form a 4.8-m di-
ameter circle. Attached to each clown was an

identical bag for holding a piece of a puzzle.
For each trial, the child had to visit each clown
to retrieve the ten puzzle pieces that made up
one large wooden puzzle. A similar task was

first described by Foreman and his colleagues24
and later used by McComas, Dulberg and Lat-
ter14 to study the effects of choice and move-
ment on children's memory for locations vis-
ited.

In an adjacent cloakroom, a computer sta-
tion, consisting of an IBM-compatible 233-
MHZ Pentium computer with a 17" Viewsonic
17 PS MGA monitor, was set up on a small
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table. A child-sized wheelchair served as the
chair in front of the computer monitor. The vir-
tual environment (VE) used for this study was

modelled as closely as possible to the real en-
vironment. The VE included landmarks such
as shelves, blackboards, posters, tables, two
windows (with moving clouds), a clock, an
EXIT sign, and a door. The VE also contained
ten clowns, arranged as described in the real
environment, as well as fluorescent lighting
and a cloakroom. The clowns were scanned
into 3D Studio Max, retouched, then imported
into the VE and were, therefore, almost identi-
cal to the clowns used in real space. The child
was informed that one puzzle piece could be
found in each red bag being held by the clowns.

Children moved through the VE in a virtual
wheelchair, but only the armrests could be
seen on the computer screen. The video mon-
itor was placed at eye level, approximately 50
cm in front of the child. Following pilot work,
it was decided that the arrow keys on the key-
board should be used to manoeuvre through
the VE, as opposed to using a mouse or joy-
stick, and that the space bar should be used to
retrieve the puzzle pieces from the clowns. The
up arrow key was used to move forward, and
the down arrow key was used to move back-
ward. The side arrows were used to rotate to
the right or left. Sound was added to the pro-
gram to give feedback on success. A pleasant
rising chime was heard when the child visited
a clown for the first time. On subsequent vis-
its to the same clown, the child was "warped"
back to the middle, indicating an error. A dif-
ferent sound indicated that the child had suc-

cessfully returned to the centre of the class-
room between visits.

The computer program was created as a level
of the computer game Quake (IdSoftware,
Orem, UT, 1996). The school classroom was cre-
ated with a Quake Editor called Worldcraft.
The clown cutouts and wheelchair arms were

created using 3-D Studio Max and then im-
ported into Quake Model Editor (qME). This
program allowed the models to be retouched
and saved in a Quake-compatible format. The
textures (for the walls, floor, etc.) were cre-

ated/retouched in Adobe Photoshop 4.0 and
then imported into qART. This program was
used to create bitmaps for the textures and to

save them in a Quake-compatible format for
use by the level editor. The code that allowed
the user to interact with the clowns/environ-
ment was compiled for Quake using the Quake
C Compiler (QCC).

Certain modifications were made to the de-
fault settings in the Quake Options Menu. The
Quake display was set to a width of 640 pixels,
a height of 480 pixels and a resolution of 24 BPP
(bits per pixel). The "Always Run" function
was turned off and the "Screen Brightness" was

kept at the minimum setting. A score indicat-
ing the number of puzzle pieces found was pre-
sented on an information bar at the bottom of
the screen. The child's name was entered by us-

ing the name command in the Quake Console
and, thus, appeared in the information bar
along with the running score. All information
pertaining to a child's session (i.e., number of
trials, number of visits, puzzle pieces found,
clowns visited and total time) were automati-
cally recorded into the "qconsole.log" file,
which was renamed according to subject num-

ber and cleared after each session.

Procedure
Information letters and consent forms were

distributed to all children in Grades 1 and 2 at
a local primary school in the week previous to
the testing period. Group membership was de-
termined by counter-balancing to either the
real environment or the computer-simulated
environment. Two children were tested simul-
taneously, one in the real environment and the
other using the computer-simulated environ-
ment, with one researcher working with each
child in adjacent rooms. The 30-min testing ses-
sion consisted of three learning trials and a fi-
nal test trial in the real environment. Thus, the
children tested in the real environment had
four trials in the real environment, whereas the
computer-simulation group had three trials on

the computer and a final test trial in the real
environment.

For both conditions, the child was informed
that the goal of the task was to find all ten puz-
zle pieces, that there was only one piece hid-
den at each clown, and that they should try not
to return to a clown already visited. After vis-
iting the clown, the child was instructed to re-
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turn to the centre mark and, for the real en-

vironment, place the puzzle piece in a bag
held by the experimenter, then close their
eyes and very briefly turn themselves around.
The reason for the turning was to reduce the
possibility of choosing successive adjacent
clowns. In the computer program, following
a return to the centre, the program randomly
turned the subject in a different direction.
Completion of the trial consisted of the re-
trieval of all ten puzzle pieces or 14 visits,
whichever came first. In the real environment,
after 14 trials, the child was asked to walk
around the room and retrieve the rest of the
puzzle pieces from the clowns. The child was
then asked to put the puzzle together while
the experimenter placed new puzzle pieces in
the bags for the next trial. In the computer-
simulated environment, a score was visible at
the bottom of the screen, informing the child
of how many puzzle pieces had been re-

trieved. After 14 trials, the program ended
and gave the child his/her final score. Be-
tween computer trials, the child was asked to
complete wooden puzzles similar to those
used in the real environment. During the tri-
als, the experimenter recorded the location of
the visit (e.g., clown #1), and whether a puz-
zle piece was found in the bag. By definition,
a correct choice was a visit to a clown (or lo-
cation) that had not been previously visited
on that trial. An error was defined as a repeat
visit to a particular location.

The dependent measures recorded for this
study included the: (1) total percentage cor-
rect (number correct/number of visits X 100),
and (2) visit of first error (trial number that
the first error occurred). Higher scores on the
measures reflect better performance. Logi-
cally, the probability of making a correct
choice by chance alone decreases as the num-

ber of correct visits increases. Over the entire
trial, the total percentage correct measure
identifies how well a child performs on this
task. Similarly, an error made earlier in the
trial, when the probability of making a correct
choice is higher, would be considered a

greater error than one made later in the trial.
So, a child making their first error on Visit 8
would be performing better than a child mak-
ing their first error on Visit 2.

RESULTS

All 38 children who had agreed to participate
in the task and who had parental consent, com-

pleted the testing. The task appeared to be in-
teresting and motivating for the children. In the
computer training environment, the children
were given an orientation of approximately 2
min in order to acquaint the child to movement
within the computer environment using the ar-
row keys. Both conditions took approximately
30 min to complete, with no discernible time dif-
ference between the two groups.

Measures of the dependent variables (total
percentage correct and visit of first error) were

analyzed using a 2 group by 2 trial repeated
measures analysis of variance. SPSS/PC for
Windows version 6.1.3 was used for the analy-
ses. Wilk's criterion indicated a significant
main effect for group for the total percentage
correct (CTOT), F(l,35) = 6.18, p < .01 (Fig. 1).
Examination of the univariate analyses of vari-
ance indicated a statistically significant dif-
ference between the computer-trained and the
real-space trained group on the first trial,
F(l,36) = 10.8, p < .01, with no significant dif-
ferences between groups on trial 4, F(l,36) =

.54, p = .466. Thus, for trial 1, scores were sig-
nificantly better for children in the real envi-
ronment (M = 71.0, SD

-

12.6) compared to
those children using the computer-simulated
environment (M = 59.1, SD = 9.6). However,
after three trials on the computer-trained en-

vironment, children then tested in the real en-
vironment did not show statistically different
scores than children trained in the real envi-
ronment.

There was also a significant main effect for
time across trials 1 and 4 for both dependent
measures; CTOT, F(l,36) = 16.24, p < .001, and
ERR (visit of first error), F(l,36) = 14.43, p <
.001 (Fig. 2). In both cases, the children's scores

improved over time. The means for the depen-
dent variables for the two groups on trials 1
and 4 are shown in Table 1. In a secondary
analysis, grade level and gender were included
as additional factors in the MANOVAs. In-
cluding these factors did not alter the pattern
of results. There were no significant three-way
or two-way interactions.

To examine the impact of computer training
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Trial 4

FIG. 1. Percentage of correct scores over trials.

Real environment

Computer simulation

compared to no experience on the task, the
baseline data of the children tested in the real
environment (trial 1) were compared to the
final test scores of the children trained in the
computer-simulated environment, using one-

way analysis of variance. There were no dif-
ferences between groups on the CTOT scores,
F(l,36) = 1.7, p = .199; however, there were

statistically significant differences noted for the
visit of first error, F(l,36) = 4.65, p < .05. Chil-
dren who had computer training made their
first error later in the trial than children with

no experience (M = 8.42, SD = 2.63 and M
6.79, SD = 1.98, respectively).

DISCUSSION

Children who participated in this study
clearly improved with training in this spatial
task. Further, after three trials in the VR pro-
gram, both groups obtained comparable scores

in the real environment test. This demonstra-
tion of the transfer of learning of a spatial task

6

5

4 I
TriaM

Grp
Real environment

Computer simulation
Trial 2 Trial 3 Trial 4

Mean Score

FIG. 2. Visit of first error over trials.
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Table 1. Descriptive Statistics, By Trial and Training Group

Real-trained Computer-trained
Trial 1 Trial 4 Trial 1 Trial 4

(n = 19) (n = 19) (n = 19) (n = 19)

Percentage correct Mean 71.0 82.4 59.1 78.0
SD 12.6 16.8 9.6 19.7

Visit of 1st error Mean 6.8 8.2 5.4 8.4
SD 2.0 2.9 2.2 2.6

from a VR to a real environment has implica-
tions for the use of VR as tool for providing
children with spatial experiences. This study
also suggests that VR may be a valid method
for providing spatial experiences to children
with mobility difficulties who are unable to ex-

plore the spatial relationships of objects in their
environment to the same extent as children
without physical disabilities. These results
support those of Wilson, Foreman and Tlauka17
who also found that VR training transferred
spatial knowledge to real-space environments.

It is interesting to note that training in this
spatial task occurred in a VE that was not to-

tally immersive (i.e., desktop VR). Although
the VE had many of the landmarks of the real
space, it was not a completely realistic simula-
tion of the real space. One noted disadvantage
of VR is its current level of surrealism and the
interaction properties that differ from a real en-

vironment. Although high realism and identi-
cal physical properties may be important for
the training of a motor skill,5 or for treatment
of anxiety disorders,25 it appears that, for learn-
ing a spatial task, desktop VR provides ade-
quate information. The landmark information
in VR may cue the child to use the same infor-
mation when they are asked to perform a task
in a real space. Anecdotally, the children tested
in the VE initially chose clowns in a somewhat
random order, before realizing that they had to

keep track of where they had visited by using
such strategies as "I have been to the clown in
front of the window so I will not go there
again." It seems plausible that, along with land-
mark information, the sensorimotor activity
from movement within the VE was important.
Active movement allowed the child to experi-

ence a changing visual array important for
route information.

Rizzo and his colleagues26 have posited 13
advantages of VR for cognitive and functional
assessment and rehabilitation. One important
aspect they mention is the introduction of
"gaming" factors to enhance motivation. In the
present study, this was an important factor for
keeping the children involved with the task. Pi-
lot testing of various factors related to the VE
revealed that the children preferred the move-
ment through the environment to be relatively
smooth and not slower than a normal walking
pace. Also, they would get frustrated if they be-
came lodged behind objects, if the collision de-
tection was not realistic, or if the movement
was not effortless and precise.

In future studies, it will be important to look
at the performance of children with mobility
difficulties of this task. The implications for VR
as a tool to assist in the development of spatial
knowledge is important for all children, but as
active movement experience is one factor that
improves performance on spatial tasks, it ap-
pears primordial that the transfer of training
from VR to real environments in this popula-
tion be further examined.
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