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Abstract

Mental rotation is an important spatial processing ability and an important element in
intelligence tests. However, the majority of past attempts at training mental rotation
have used paper-and-pencil tests or digital images. This study proposes an innovative
mental rotation training approach using magnetic motion controllers to allow learners
to manipulate and interact with three-dimensional (3D) objects. Stereovision allows
learners to perceive the spatial geometric form of a 3D object. This approach allows
learners to perceive 3D objects in space through stereovision and make mental rotation
visible from each intrinsic and invisible mental rotation step using motion-interaction
methods. This study examines the effects of user training performance and perceptions.
The results indicate that the proposed approach can improve user mental rotation ability
effectively. Learners expressed high degrees of concentration toward the mechanism
that included direct control and immediate feedback. The results also suggest that female
testers perceive greater degrees of playfulness toward the mechanism and improve more
through training than male testers.

Introduction

Mental rotation belongs to the category of spatial cognition and refers to the ability to mentally
rotate objects in two- or three-dimensional space. This ability significantly impacts learning
activities across multiple disciplines, including geometry, physics, mirror image refraction and
reflection, and chemical structures. People with superior mental rotation abilities grasp these
concepts more rapidly than others (Moe & Pazzaglia, 2006). This ability is therefore indispensable
for mathematicians, chemists, engineers and artists.

The current method of judging the strength of a person’s mental rotation ability is based on
the degree of accuracy and time spent on a mental rotation test. Early mental rotation training
was performed primarily through continual practice on paper tests or engaging in educational
activities involving puzzles. Later, the popularization of personal computers allowed for the use
of computer games, such as Tetris, to improve mental rotation abilities. In recent years, with
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Practitioner Notes
What is already known about this topic

* The majority of past attempts at training mental rotation have used paper—and-pencil
tests or digital images.

* Women's mental rotation ability might not show as well as men on paper-and-pencil
tests.

What this paper adds

» This study uses an innovative mental rotation training mechanism that integrates
motion control and three-dimensional (3D) stereovision technology, allowing learners
to perceive 3D geometric shapes of objects through stereovision. It also allows visibility
of mental rotation from each intrinsic and invisible mental rotation step using motion-
interaction methods. This system then provides real-time rotation results through
stereovision to the user with visual cues for necessary adjustments for the next step of
space rotation.

* Women showed a greater degree of improvement in learning performance and
expressed significantly higher perceived playfulness than men when using the mental
training system with motion control and stereovision.

Implications for practice and/or policy

« This study tries to use motion controllers and 3D stereovision technology for mental
rotation training. This approach can put into practice to increase students’ mental
rotation ability. Students can perceive more playfulness and pay more attention while
operating the 3D objects through motion controllers.

 This research could be a good reference for other researchers while adopting motion
controllers or 3D stereovision technology for learning.

developments in relevant technology, novel technologies led to more realistic, concrete and inter-
esting three-dimensional (3D) mental rotation training activities, such as the use of 3D images and
interactive technologies, to provide situational or authentic learning. Constructed 3D virtual
learning environments can improve learning motivation through the creation of learning envi-
ronments and activities that are closer to knowledge and situations encountered in daily life.
Moreover, students can become active participants in learning processes, and their motivations
may shift from extrinsic to intrinsic rewards (Bruner, 1961).

This study uses an innovative mental rotation training mechanism that integrates motion control
and 3D stereovision technology, allowing learners to perceive 3D geometric shapes of objects
through stereovision. It also allows visibility of mental rotation from each intrinsic and invisible
mental rotation step using motion-interaction methods. This system then provides real-time
rotation results through stereovision to the user with visual cues for necessary adjustments for
the next step of space rotation. This process is continually repeated to complete training.

Related work

The first part of this section introduces current mental rotation training approaches. The second
part describes how current training systems increasingly focus on providing playfulness for the
learners. When learners experience more playfulness, they have more positive attitudes, conse-
quently involving themselves more deeply in the task. This study focuses on the effects of training
performance along with the user’s perception of playfulness of the system.
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Mental rotation training approaches

In traditional mental rotation training, participants complete a seven-piece puzzle or play Tetris.
Cooper (1976) proposed using some two-dimensional (2D) images for mental rotation training,
including incongruent representations and diverse rotation angles. Results showed that partici-
pants who received mental rotation training showed a significant improvement in mental rota-
tion abilities. De Lisi and Wolford (2002) allowed participants to undergo training by playing
Tetris. After training, the participants exhibited improved performance on mental rotation tests.
Participants who obtained a high score in Tetris also obtained higher scores on the mental
rotation test. Rafi, Samsudin and Ismail (2006) had participants use engineering drawing
software as a mental rotation training tool; the results indicated that interactions between the
user and the training tools resulted in enhanced performance on a mental rotation task. Rafi and
Samsudin (2009) used computers as tools for participants to decide how to rotate objects to
match the targets. This approach provides participants with opportunities to experiment with
methods and use reflective thinking. In a constructivist interpretation system (Dalgarno, 2001),
participants were required to compare two pictures of 3D objects to determine how to rotate
them. Results indicated that the 3D environment was more appreciative and better facilitated
the imagination of the participants while comparing with the 2D setting. Although many
approaches have been proposed, few training environments support the immersion to allow
participants to control 3D objects directly through stereo observation.

Immersive environment

Previously, learners have typically used a keyboard and mouse to interact with a computer.
During the learning process, they received immediate and useful feedback that promoted interest
and assisted in concentration, thereby improving learning outcomes. Recent technological devel-
opments such as 3D virtual environments and somatosensory interfaces allow users to interact
intuitively with highly realistic simulation environments. Thus, they can focus on learning objec-
tives and training for specific tasks in realistic situations, without the need to learn how to
navigate a complex user interface. Furthermore, intuitive interfaces provide a greater level of
control than that offered by a keyboard and mouse. Examples of such systems include flight
simulation and surgical training systems that employ immersive virtual environments that users
can operate intuitively. Learning with these technologies is potentially more convenient and
efficient. The potential for these systems has been enhanced by the development of interfaces such
as Nintendo Wii, Sony PS Move and Microsoft Kinect (for Xbox or PC), which allow people to
experience gesture-based computing in their households. Sophisticated hand-held computing
systems are also being developed. Furthermore, the price of hardware and software required to
implement the discussed virtual technologies has become economically feasible for classroom
environments; thus, the application of visual 3D stereo images with intuitive control has become
potentially viable.

To create an immersive environment, Cruz-Neira, Sandin and DeFanti (1993) proposed a room-
sized virtual reality (VR) system named the CAVE. They employed high-resolution stereoscopic
projection and 3D computer graphics to develop a sense of presence in a virtual environment.
Their system integrated a motion capture interface to record the user position in real time. The
CAVE was used to build narrative-based, immersive, constructionist/collaborative environments
for children, which encouraged exploration and experiential learning (Roussos et al, 1997). Users
constructed and cultivated simple virtual ecosystems that incorporated complex models with
numerous variables and behaviors that children typically have difficulty visualizing. This shows
that immersive environments have been applied effectively to reduce complex models to simpler
qualitative representations for learning. Chen (2006) employed 3D VR technology to create an
immersive environment for training novice driver training. Their study presented 3D representa-
tions and dynamics of road scenarios that significantly reduced learners’ needs to use their
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existing spatial processing schemas and showed that learners with VR experience achieved sig-
nificantly higher gain scores for the VR-based test than those without similar experience.

Currently, commercial companies employ stereoscopic 3D display systems that present users
with highly detailed and realistic environments. Furthermore, tracking systems have also been
incorporated so users can move 3D images and interact with them. However, the design and
development of practical applications for specific learning objectives requires intensive inter-
disciplinary collaboration to realize the potential of gesture-based computing in immersive
environments. Such research would provide an effective analysis to assist in identifying specific
causalities that would enhance the design of the discussed technologies.

Playfulness

Playfulness (Barnett, 1990), treated as a motivational characteristic of users, also plays an
important role in modern learning systems. Martocchio (1992) showed that the cognitive play-
fulness of participants significantly affects microcomputer training performance. Moon and Kim
(2001) found that participants might focus more and feel more enjoyment in a playful learning
environment. They also extended the technology acceptance model (Davis, Bagozzi & Warshaw,
1989) of an individual’s Internet acceptance behavior by adding perceptions of playfulness as an
intrinsic motivation factor. The results showed that perceived playfulness, perceived ease of use
and perceived usefulness have a significant influence on attitude; attitude has a significant influ-
ence on behavioral intention to use and actual usage. Roca and Gagne (2008) also confirmed that
the influence of playfulness is stronger than perceived usefulness. Woszczynski, Roth and Segars
(2002) found that playfulness allowed participants to immerse themselves in a learning environ-
ment.

Therefore, when evaluating a training system, the demands of playfulness are as important as
learning outcome. This study adopts a kinesthetic sensation technique to create an immersive
learning environment in which participants can actively control 3D objects. The kinesthetic
sensation technique may increase the participants’ intrinsic motivation and playfulness.

Method

The participants recruited for this study comprised 79 university students in Taiwan who were
placed into two groups (experimental and control) based on pretest scores to evaluate differences
in their perceived playfulness and improvement.

Participants

The 79 university students that participated in this study comprised 37 men and 42 women who
majored in Chinese Literature, Finance, Business Administration, Information Management,
Electrical Engineering, as well as Computer Science and Information Engineering. Three female
participants were excluded due to their extreme z-score (above 2.5) in initial pretest. The exclud-
ing criterion followed the specified z-score suggested by Vanselst and Jolicoeur (1994; see also
Cousineau & Chartier, 2010 for review). Students were in the ages between 21 and 44, with a
mean score of 25.02 years old (mode = 23 years, SD = 4.96 years).

Procedures

The experiments were conducted over 2 weeks and included two training activities. The weekly
learning time totaled 90 min and comprised an introductory film (10 min), as well as two activi-
ties (40 min each).

To ensure that the experimental and control groups had identical initial average mental rotation
abilities, the mental rotation abilities of participants were pretested using the original mental
rotation test proposed by Vandenberg and Kuse (1978), which comprised 24 test items. Partici-
pants were presented with four geometric forms and awarded one point if they identified a match
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with a target object (scores ranged from O to 24) and were allocated evenly into two groups based
on the pretest results. Following the training process, participants were immediately posttested in
a manner that was identical to the pretest (test items were reordered).

Experimental group

Mental rotation training comprised the following two learning activities: (1) users rotated or
moved a controllable object using a magnetic motion controller until the object was superimposed
over a target object (ie, position and orientation). For this activity, we adapted 48 trials from the
24 items of Vandenberg and Kuse’'s mental rotation test (Vandenberg & Kuse, 1978); and (2)
users rotated a controllable object using the abovementioned magnetic sensing controller,
although the objects could not be moved. Users rotated the controllable objects to determine
whether they matched the target objects. For this activity, we also adapted 96 trials (48 match-
ing objects and 48 nonmatching objects) from Vandenberg and Kuse's mental rotation test
(Vandenberg & Kuse, 1978).

The testing method in this study was based on that which was employed by Shepard and
Metzler (1971). Participants were required to compare various 3D geometric shapes to determine
whether they were identical. Two adjacent 3D objects were projected simultaneously onto a
100-inch projection screen. Users could not rotate or move the target object, although they could
freely rotate and move the controllable object (Figure 1).

Control group

For the control group, stereovision and motion-interaction controls were not provided for
either learning activity. Both learning activities were identical to the experimental group trials,
although they were presented using animated films. The activities are detailed as follows (1) one
of the two objects was automatically moved and rotated until superimposed over the other object;
and (2) one of the objects was rotated automatically, and participants evaluated whether the
other object matched the preceding geometric shape.

After completing the second training activity, the Vandenberg and Kuse mental rotation test
(Vandenberg & Kuse, 1978) was employed for posttesting. Participants also completed question-
naires to evaluate perceived playfulness (Martocchio, 1992).

Results

This section presents the participants’ performance results as well as their perceived playfulness.
Playfulness was evaluated using a questionnaire (7-point Likert scale; 1 = strongly disagree,
7 = strongly agree) following the 2-week training activities and posttest.

Testing of hypotheses 1 and 2

H;: Learners using the motion controllers to interact with 3D objects showed higher levels of perceived
playfulness than those in control group.

A t-test was conducted to compare the effects of the two modes of training. Participants in the
experimental group had significantly greater perceived playfulness than those in control group,
t(74) =4.156,p < 0.001. This finding indicates that learners using motion controllers to interact
with 3D objects have better perceived playfulness than those in control group (Table 1).

H,: Is there any difference of perceived playfulness between woman and men while using the motion
controller to manipulate and interact with 3D objects?

We performed a two-way analysis of variance (ANOVA) test with both gender and conditions
as between-subject variables to identify any significant differences between women and men’s
perceived playfulness. The results show a significant difference in perceived playfulness between
men and women, F(1, 72)=8.361, p<0.01, partial n*=0.104, power = 0.814 as well as a
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Figure 1: Motion control 3D object training system screenshot

Table 1: Perceived playfulness t-test results by group

Condition n Mean SD t value
Experimental 36 38.06 7.119 4.159**
Control 40 31.50 6.621

*p <.001.

significant main effect of groups, F(1,72) = 19.561,p < 0.01, partialn? = 0.214, power = 0.992,
which indicates that the mean score of playfulness in the experimental condition is significantly
higher than the mean score in the control condition. To further examine the source of variances
in between genders across and within conditions, post hoc comparisons of using the Scheffe test
are employed. It shows that the mean scores of the women in the experimental group were
significantly higher than those of the control group (p < 0.001), and the mean scores of the
women in the experimental group were also significantly higher than those of men in the experi-
mental group (p < 0.001). The descriptive statistics for the playfulness scores are illustrated in
Table 2.
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Table 2: Mean (SD) perceived playfulness scores by genders
across conditions

Women Men
Experimental group 41.44 (5.382) 34.67 (7.146)
Control group 32.38 (6.232) 30.53 (7.066)

Table 3: Improvement t-test results by group

Condition N Mean SD t value
Experimental 35 3.47 2.348 0.659
Control 41 3.23 2.496

Testing of hypotheses 3 and 4

H;: Learners using motion controllers to manipulate and interact with 3D objects will have evidence of
better training than those in control group.

This section defines the difference between the pretest and posttest scores as “improvement.” This
is used to indicate the effectiveness of the training activities. A t-test was conducted to compare
the effects of the two modes of training. There is no significant difference between the two groups’
pretest, t(74)=0.473, p=0.638, indicating the initial spatial abilities of the two groups are
similar. We then conducted a t-test to compare the improvement. The results show that both
groups improved significantly following training, t(150) = —4.852, p < 0.001 (collapsed between
genders for examining the effect of test phases). No significant difference was found in the overall
degree of improvement between the two groups, t(74) = 0.443, p=0.659. The statistical com-
parison between the experiment and control group means is shown in Table 3.

Hy: Is there any difference of training performance between woman and men while using the motion
controller to manipulate and interact with 3D objects?

Although no difference in the overall improvement between the experimental and control groups
were found in the initial t-test, it is possible that our training manipulation might have differential
effects on men and women. Previous evidence had suggested that similar enhancement training
or aids on mental rotation task has a differential effect across genders (eg, McWilliams, Hamilton,
& Muncer, 1997; Parsons et al, 2004; Wiedenbauer & Jansen-Osmann, 2008). In particular, the
marked gender difference in mental rotation performance can be reduced after training or aid
where the performances of the women increase a level of performance similar to men. To examine
the possibility of differential effect of training between genders, a two-way ANOVA that has
genders and groups as the between-subject variable was conducted. The results indicate a signi-
ficant difference between women and men, F(1, 72)=10.509, p <0.01, partial n*>=0.127,
power = 0.892, but no group effect was observed (I < 1). Further post hoc comparisons show
that the mean score for women in the experimental group was significantly greater than that of
men in the experimental group (p < 0.01), although there was no significant difference between
women and men’s training improvement in the control group (Table 4).

Discussion

Women in the experimental group reported a significantly higher perception of playfulness than
those in the control group, whereas there was no significant difference between groups for men.
Furthermore, women in the experimental group reported higher perceived playfulness than men.
The training approach employed in this study applied two technologies: motion control and
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Table 4: Mean (SD) improvement scores by gender across conditions

Female Male
Experimental group 4.61 (2.004) 2.33(2.181)
Control group 3.67 (2.508) 2.63(2.408)

stereovision. The results indicate that men did not find the application of these technologies more
interesting than animated film training, whereas women reported a greater level interest in the
experimental method. This may be attributable to differences in events, objects and situations that
men and women encounter in their daily lives. For example, the 3D images and motion control
applied in the training activities in this study are not novel to current male college students;
however, the women that participated in this study considered the motion control and stereovi-
sion system to be more novel and interesting. This may be explained by the following possibilities:
(1) men may have more experience with computer games or sports activities that involve mental
rotation; or (2) because the mental rotation ability of women that participated in this study is not
as developed as that of the men, the discussed approach may reduce cognitive load and assist in
the development of mental rotation skills for women; thus, women find the discussed experimen-
tal approach more interesting.

In addition, a significant performance improvement was observed in both groups as one com-
pares the performances between pretest and posttest. Although there was no significant differ-
ence in the overall learning performance improvement between groups (collapsing scores of men
and women together), however, the detail analysis on individual gender reveals that the magni-
tude or the amount of improvement for women in the experimental group was significantly
greater than that of their male counterparts. On the other hand, no significant difference was
evident between genders in the control group.

Several factors could potentially contribute to this finding. First, as we argued, differences in
improvement may be attributable to the women reporting greater perceived playfulness than men
in the experimental group, thereby producing greater levels of improvement. Additional corre-
lational analysis between the scores of playfulness and improvement supports this argument in
revealing a marginal significant positive correlation, r(74) = 0.20, p = 0.085. Although the cor-
relation result does not imply a causal relationship between the two variables, our positive cor-
relation result is important because it is consistent evidence in illustrating the importance
of playfulness in medicating the engaging behavior or learning performance (Barnett, 1990;
Martocchio, 1992; Roca & Gagne, 2008).

An alternative explanation for differences in improvement could be the initial difference between
men and women or the ceiling performance of men. In other words, because women'’s pretest
average scores were less than those of the men; thus, women had greater room for improvement.
On the other hand, because men are performed at ceiling, it caps the room for improvement.
These possibilities are examined by first checking the initial pretests scores among women across
the experimental and control conditions. No difference was found among women in these two
groups and thus ruled out the possibility that by chance women in the experimental group
happened to have lower scores and therefore higher magnitude of improvement. Second, specific
t-test comparing the pretest and posttest of men (collapsed across groups) indicated a significant
difference. Thus, it suggests that excess room for improvement is also available even for men.
Although these two checks did not completely rule out the possibility that improvement difference
is caused by the initial difference in men and women, we believe that magnitude of improvement
differed between genders despite the same training method is employed.
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In addition to studies that focus on finding methods of enhancing performance or narrowing the
gender difference (eg, McWilliams, Hamilton, & Muncer, 1997; Parsons et al, 2004; Wiedenbauer
& Jansen-Osmann, 2008), our study contributes in illustrating that other factors also influence
learning. Playfulness of the tool, for example, affects subsequent performance. Several similarities
and differences exist in between our study and those in the mental rotation literature. First,
difference in the initial pretest scores of men and women in our study is consistent with the marked
gender difference that has been reliably found in mental rotation literature (Linn & Petersen,
1985; Masters & Sanders, 1993; Voyer, 2011; Voyer, Voyer & Bryden, 1995). Second, similar to
our study, other training or aid has been found to reduce such a difference (McWilliams, Hamilton,
& Muncer, 1997; Parsons et al, 2004; Wiedenbauer & Jansen-Osmann, 2008). For example, using
realistic wooden figurines as stimuli in mental rotation task, McWilliams, Hamilton, and Muncer
(1997) showed that the gender bias can be greatly reduced. Also, training in manually rotating a
2D figure (on one of the comparison objects) during mental rotation task helps to eliminate the
gender difference in children (Wiedenbauer & Jansen-Osmann, 2008). Similarly, Parsons et al
(2004) also found no gender difference when participants were given computerized aid to rotate
the object in mental rotation task. Although these studies are similar to our study in illustrating
methods for increasing performance, their results are typically measured when participants were
given aids to the task and whereas in our study the focus is on retention of learning based on our
training program as measured in pretest—posttest design fashion. In other words, learning is
emphasized. Although direct comparison between scores of those studies to ours maybe impossi-
ble, however, it will be interesting to compare the magnitude of improvement across studies. In
addition, besides introducing methods for performance enhancement, our study also focuses on
revealing other associated factors in influencing learning. Playfulness in an immersive environ-
ment could potentially attribute to performance. Thus, the design of future systems should
consider approaches to improving the interest of men and women.

These results indicate that the learning performance of both groups improved significantly.
Although there was no significant difference between groups for the degree of improvement,
based on observations of the experimental process, learners in the experimental group were more
focused. Conversely, learners in the control group occasionally shifted their gaze to the left or
right. Based on this observation, we assume that hands-on activities might encourage learners to
focus and continue to be engaged by learning activities. Although the aid of a motion control
interface may produce greater levels of perceived playfulness, it might not inherently promote
greater levels of cognition.

Conclusion

This study proposed an innovative mental rotation training approach that integrated motion
control and stereovision. To evaluate the effect of the approach, comparisons were made between
the discussed system and the viewing of animated videos as a training method. The experimental
results indicate that users perceive motion control and stereovision as appealing approaches to
training. Compared with the video training approach, participants showed greater attention
when using motion control and stereovision. Women showed a greater degree of improvement in
learning performance and expressed significantly higher perceived playfulness than men when
using the motion control and stereovision system.

To identify the types of learners that motion control and stereovision systems would have the
greatest benefits for, future studies should consider learners with various academic backgrounds,
experiences and learning styles. This would allow more effective improvements in mental rota-
tion abilities for learners from various backgrounds. Further research should also consider
approaches to associating performance scores from the discussed training system with those
obtained using traditional mental rotation paper tests.
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