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Abstract
Nineteen middle-school aged students visiting a planetarium were presented with three types of
spatial cognition tasks using both two-dimensional (flat) and stereoscopic representations. The
students' performance on tasks was evaluated in order to determine the impact of stereoscopic
presentation upon accuracy and task completion time. Results show that accuracy did not differ
between the two representational types while completion time was greater for the stereoscopic
representations. Post task interviews show that students continued to think of the stereoscopic
spatial tasks as two-dimensional. Results were analyzed through the lenses of cognitive load and
cue theory.
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Introduction
The real world is three-dimensional. Yet, inherent limitations of textbooks and computer
screens require students to experience many scientific objects as two-dimensional (2D), i.e.
“flat”. This can lead to student conceptions of three-dimensional (3D) objects based on
inaccurate and oversimplified representations (Marr & Nishihara, 1978). For example, 2D
interpretation of molecules can lead to misunderstandings of their true spatial structure (Copolo
& Hounshell, 1995; Griffiths & Preston, 1992).
Some educators have attempted to use stereoscopic displays to overcome restrictions
imposed by 2D representations. These displays add a sense of depth perception to the
representations through the use of binocular vision. Our review of empirical studies on their
effectiveness in the classroom found. positive (Holford, 1970; Drascic, 1991), null (Cliburn &
Krantz 2008; Kim, et al., 1987), and mixed (Barfield & Rosenberg, 1995; Hansen, Barnett,
McKinster, & Keating, 2004; Hsu, Pizlo, Babbs, Chelberg, & Delp, 1994; Reinhart, W. , Beaton,
& Snyder, 1990; Trindade, 2002) results.
The research question addressed in this study is how do middle school students process
spatial cognition tasks presented with two dimensional and stereoscopic representations? Student
performance on spatial cognition tasks was measured with both the accuracy of their answers to
the tasks and the mean amount of time needed for them to arrive at their answers. Analysis of
post-session interviews was used to obtain strategies students applied to solve spatial tasks when
working with both representational types.
The representations used in this study consist of drawings of letters and diagrams of real
life 3D objects (specifically, pieces of folded paper and a NASA robotic rover). They are
presented in a 2D manner (as printed on a piece of paper) and a stereoscopic manner (as seen
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through “3D glasses” with a stereoscopic projection system). Outside of the study materials, we
use representations as a term referring to symbols, drawings and diagrams representing scientific
objects.
This paper begins with literature review of previous work investigating 2D
representations of 3D scientific objects in education along with an introduction to stereoscopic
technology. To understand how 3D spatial information are processed and how much effort is
needed to solve spatial tasks, we review cue theory and cognitive load theory. The study methods
are presented, followed by description of the analysis of spatial cognition task results and postinterview transcripts. Finally, implications for the use of stereoscopic technology in the
classroom are discussed.
The Challenge of Understanding 3D Objects Through 2D Representations
Two-dimensional and 3D representations of the same three-dimensional object can be very
different. Figure 1 includes both a 2D drawing of a simple house and a 3D drawing of the same
house. Note the addition of multiple sides of the house and how it makes it look much larger.
2D representations often show one side of a three dimensional object, usually with a field of
view aligned with a 90 degree axis through the center of the object. A typical 3D presentation
uses 2D space but shows the third dimension by showing select portions of multiple sides,
adding cues to provide a sense of depth and often providing a manipulative viewpoint (such as in
interactive modeling programs).
-----------------------Insert Figure I Here
------------------------There are many ways of presenting spatial concepts, but most involve 2D presentations on
paper, a computer screen or, more recently, in virtual environments (Dede, Salzman, Loftin, &
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Sprague, 1999). Yet, most scientific objects are 3D in nature. Depicting these concepts on flat
surfaces, such as textbooks or video screen, is a challenge due to limitations imposed by a flat
surface (Hubona, Shirah, & Brandt, 1999). The same challenge applies to when students read
textbooks and must create a mental image of a real, 3D object based on a 2D representation of
the object. Most current learning materials require students to do just that. Referring to an
astronomy textbook’s portrayal of spatial scale, Barab, Hay, & Duffy (2000b) quoted one student
saying, “This picture is wrong, there is no way they could get Mercury, Earth and Saturn all in
the same picture. The distances are too great.... My science book lied," (p. 10).
Why did the student feel frustrated by the textbook? Some concepts, such as the 3D spatial
arrangement of planetary orbits, may be too difficult for some students to understand based on
2D representations alone (Barab, et al., 2000b; Gotwals, 1995; Hansen, 2004). For example,
three dimensions are needed to show that Pluto’s orbit is both more elliptical than other planets
and also in a different plane. Also, such 2D representations may be poorly designed, causing
students’ imagination to fill in the blanks with previously built-in assumptions based on their
experience in the world (Wanger, Ferwerda & Greenberg, 1992). Research has shown such
translation is especially difficult in the domains of astronomy (Parker & Heywood, 1998;
Keating, Barnett, Barab, & Hay, 2004) and chemistry (Wu & Cheng, 2007; Wu & Shaw, 2004),
two highly spatial fields of science.

Cue Theory: How 2D Information Can Be Translated into 3D Imagery
3D representations are most successful when incorporating elements from cue theory. The
core tenet of cue theory is that depth perception comes from the posture of the eyes and from
patterns of light projected onto the eyes from the environment (Wanger, Ferwerda & Greenberg,

Presentation Format Effect

6

1992). What constitutes a cue is debated within the field (see Landey, Maloney, Johnston &
Young [1995] for a review). In general, cues are divided into two categories: primary and
pictorial. Primary cues involve physiological responses (such as the stereo effect of wearing 3D
glasses) and pictorial cues involve cues built into artificial representations (such as drawing
closer objects larger than objects further away).
Studies have shown that the processing of depth cues is the most challenging component of
3D representations (Tuckey, Selvaratnam & Bradley, 1991). Seddon and Eniaiyeju (1986) and
Hu, Gooch, Creem-Regehr, and Thompson (2002) found that depth cues work best when
multiple cues are used in tandem. The importance of this relationship is because depth cues
provide distance information relative to each other, but not absolute (relative to outside cues)
(Kim, Ellis, Tyler, Hannaford, & Stark, 1987; Willemsen, Gooch, Thompson, & Creem-Regehr,
2008) thus the relationship between cues is very important in a representation.
Two specific types of pictorial cues have had success in bridging the barriers between 2D
and 3D thinking: shadows and reference frames. Shadow cues are placement of shadows on an
object based opposite of the location of a light source. It has been successfully used in many 3D
learning tasks (Hu, et al. 2002; Hubona, Wheeler, Shaw & Brandt, 1999; Wanger, Ferwerda &
Greenberg, 1992;). However, Shubbar (1990) found that shadows used alone had no effect on
student understanding of molecular diagrams.
Reference frames can also serve as successful depth cues in 3D representations
(Wickens, Vinkow & Yeh, 2005). A reference frame is generally defined as how locations are
expressed within space (Klatzky, 1998). In this paper, a reference frame refers to spatial context
in which an image element is placed within the overall representation. Only a single reference
frame can exist simultaneously in 2D representations, however 3D representations can have
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multiple reference frames at the same time, which add to their complexity. The importance of
reference frames can be illustrated by considering how different the spatial size of the Moon
appears when it is directly overhead vs. when it is just above the horizon (Wanger, Ferwerda,&
Greenberg, 1992). Without a reference frame, the Moon looks much smaller when overhead
leading to a major misconception in astronomy (Galili, Weizman & Cohen, 2004). Translation
from 2D to 3D reference frames requires a special type of mental rotation which is qualitatively
different than of lateral rotation (ex: relating the horizontal movement of a computer mouse with
the vertical movement of its cursor) (Wickens, Vinkow & Yeh, 2005). This translation becomes
easier when the reference frames being rotated are aligned with the observer’s body (Tarr &
Pinker, 1990) or along other axes with which humans are familiar (Tversky, 2005). Together, the
use of shadow and reference frames can act as effective pictorial cues that help the viewer
translate information from a 2D representation to 3D thinking of a 3D object.

Stereoscopy as a Primary, Physiological Depth Cue
Stereoscopy is a technique of showing different images to the right and left eyes, creating a
sense of depth (Wheatstone, 1858). Most people are familiar with the concept through the
wearing of 3D glasses at a movie theatre or science museum. Children, in particular, have a
propensity for stereoscopic technology. Stereoscopic video games are currently being designed
for all the major video game platforms (Warren, 2008) and 3D television sets are about to be
released at the consumer market (Tieman, 2008). Most major movie theater chains are installing
stereoscopic equipment (Gonsalves, 2008) because all future movies by Disney’s Pixar division
(Pixar, 2008) and the Dreamworks movie studio (Khatau, 2008) will be released in 3D.
Most stereoscopic learning studies focused on problems with 2D representations which, by
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their nature, seemed to be suited to stereoscopy. For example, people tend to underestimate the
distance to objects in 2D virtual environments (a phenomenon known as compression) (CreemRegehr, Willemsen, Gooch, & Thompson, 2005). The use of stereoscopic images helped in
determining more accurate distance to objects and limiting the effects of compression (Barfield
& Rosenberg, 1995). It should be noted that it did not help in determining angles in the
representation. Cole, Merrit, Fore & Lester (1990) found that stereoscopic representations made
remote manipulation of a robotic extension through a maze easier than a system of 2D
representations. Ware & Franck (1996) found that the amount of data understood in a graphical
display increased by 60% when displayed stereoscopically. Wickens, Merwin & Lin, (1994)
found that stereoscopy increased understanding of large scale structure of stereoscopic
visualization of large scale data sets, but had no effect on understanding of details in the data.
And, unlike pictorial depth cues, stereoscopy has been shown to be effective when used without
other cues (Kim, et al., 1987; Yeh & Silverstein, 1992) because it is accurate regardless of the
distance or viewing angle (Surdick, Davis, King, & Hodges, 1997). Also, stereoscopic depth
cues can be learned quicker than pictorial depth cues (Drascic, 1991).
Stereoscopy studies in educational settings have reported positive (Holford, 1970; Drascic,
1991), null (Cliburn & Krantz 2008; Kim, et al., 1987), and mixed (Barfield & Rosenberg, 1995;
Hansen, Barnett, McKinster, & Keating, 2004; Hsu, Pizlo, Babbs, Chelberg, & Delp, 1994;
Reinhart, Beaton, & Snyder, 1990; Trindade, 2002) results. The one apparent common theme
among the positive stereoscopic results is its use with highly spatial concepts. When tested on a
number of chemical and physical topics, Trindade (2002) found that stereoscopic visualizations
increased understanding in only one of the topics: phase transitions of elements. In an object
identification task, stereoscopic displays enhanced learning of the physical arrangements of
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objects in 3D space but did not enhance understanding of other physical characteristics of the
objects (Hsu, et al., 1994).
The historically high cost and complexity of stereoscopic display systems have kept them
from being used in large numbers. However, accessibility is becoming less of an issue. One of
the first stereoscopic displays produced en masse was the CAVE (CAVE Automatic Virtual
Environment) (Cruz-Neira, Sandin & DeFanti, 1993). CAVE is the prototype for a fully
immersive VR system. The system was admittedly very complex and costly, had trouble with
showing accurate colors and generally was not robust enough for public use. However, it was
more affordable than other systems of the time and it was widely adopted in settings where
science visualization was important, such as research laboratories. Variants of CAVE are still in
use today (Ohno, Kageyama & Kusano, 2006).
This study used a descendent of the CAVE, referred to as the GeoWall. It consists of offthe-shelf components and open-source software to project a stereoscopic image that can be easily
viewed by many people in a small room. A complete GeoWall system is affordable and portable
enough to be transported between schools and classrooms. GeoWalls have been installed at over
400 locations, mostly at universities and museums (Morin, 2004). The U. S. Geological Survey
adopted the system in 2000 for use in education and public outreach projects (Steinwand, Davis
& Weeks, 2002). GeoWall systems are being developed to teach chaos theory, fractal geometry
and mathematical physics (Abraham, Miller & Miller, 2005), architecture (Kalisperis, Otto,
Muramoto, Gundrum, Masters, et al., 2003) and engineering (Messner & Horman, 2003). None
of these particular GeoWall applications have been empirically studied for their effect on
learning.

Presentation Format Effect 10

Cognitive Load Theory: Cognitive Effort in Processing Spatial Information
A common worry is that stereoscopic environments require too much mental work from
the viewers and can overload their senses leading to cognitive overload and mental fatigue
(Dede, et al., 1999; Okuyama, 1999). According to cognitive load theory, efficient use of
working memory leads to better retention in the long-term memory (Sweller, 1988). There is a
limited amount of short-term memory, which is structured into separate modalities (such as
auditory and visuospatial) that feed into unlimited long-term memory.
Stereoscopic displays may reduce cognitive load by limiting the functions the mind may
need to perform when converting between 2D and 3D representations (such as interpreting depth
cues and coding the location of reference points). Pepper, Smith, & Cole (1981) found an
advantage of stereoscopic displays over traditional displays, which increased as the screen
quality degraded or became more cluttered. Kim et al. (1993) suggest this may be especially true
if the target task is much simpler than the environment in which it is presented. On the other
hand, stereoscopic displays have also been reported to increase cognitive load due to visual
fatigue (Kooi & Toet, 2004).
Stereoscopy has been used for decades for pilot training as a tool to increase spatial
awareness while not increasing cognitive load (Nataupsky & Crittenden, 1988; Parrish,
Busquets, & Williams, 1990). In immersive environments, such as professional flight simulators,
many events are happening at once and the trainee is bombarded with data from many different
sources and directions. One of the sources of data is flat computer monitors representing the
windows on a real airplane. The pilot’s working memory should be focused on the steps needed
to pilot the aircraft and not on steps needed to translate graphical representations on monitors. By
making the monitors stereoscopic, the pilot may not have to do as much 2D to 3D translation,
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thus freeing working memory. This is how we think cognitive load theory may apply to learning
in stereoscopic environments.
According to Paas, Tuovinen, Tabbers, & Van Gerven (2003), cognitive load can be
measured through three properties: mental load, mental effort, and performance. Mental load is
imposed by the task and environment demands and mental effort is the amount of resources
allocated to the task (Paas & Van Merriënboer, 1994). Mental load and mental effort are difficult
to measure outside of a laboratory setting since they involve the use of secondary tasks.
Performance, on the other hand, can be measured in terms of item accuracy and time on task
(Pass, et al., 2003) – two measures available in active learning environments. By measuring
performance, it is possible to examine how cognitive load changes when the mind is processing a
2D or a stereoscopic task while in a learning environment.
Cognitive load theory can be beneficial to studying the differences between how students
process 2D and 3D spatial information because it can be used to probe the level of mental
processing involved in the tasks. Differences in cognitive load can be a sign that students are
processing the two forms of information differently.

Method
This study compares student performances on spatial tasks when objects were presented
using 2D and stereoscopic representations. For the purposes of this paper, 2D presentation refers
to presenting spatial tasks on a piece of paper. Stereoscopic presentation refers to objects
presented using a GeoWall system.
Data were collected in three steps. First, a brief demographic questionnaire was used to
record age, gender, and prior experience with stereoscopic displays along with attitudes towards
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stereoscopic displays and the use of technology in the classroom. Second, cognitive load was
measured using a series of spatial cognition tasks chosen from three previously published spatial
cognition instruments: a letter rotation task (Shah & Miyake, 1996), a block rotation task
(Bodner & Guay, 1997), and a paper folding task (Ekstrom, et al. 1976). These tasks were shown
first in a flat, 2D format and then stereoscopically. They were chosen because they reflect
increasing degrees of difficulty in terms of 3D operations. For this study, we define 3D
operations as mental manipulation of a representation that involves the z-axis (a.k.a. “in and out”
or “front and back”). While the letter rotation task involves no z-axis manipulation, the block
rotation task involves a single z-axis manipulation and the paper folding task involves multiple zaxis manipulations. These are tasks that have previously been used in spatial cognition studies.
While they were presented in an authentic learning environment, they are not learning tasks per
se. Therefore, this study does not evaluate the learning potential of stereoscopic presentations as
compared to 2D presentations. Finally, 5 minute post- interviews were conducted to examine
how respondents approached each task and which presentation format they preferred. In these
interviews, students’ responses to the spatial cognition tasks in both presentation formats were
used.

Spatial Cognition Tasks
The letter rotation tasks involved spatial ability associated with only 2D visualizations.
The block rotation tasks required one mental manipulation of a 3D object. The paper folding
tasks required multiple manipulations of a 3D object.
Task 1: letter rotation tasks. The letter rotation task was originally developed to assess
spatial ability without involving verbal ability. On a piece of paper, a letter was written either
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normally, or reversed (as seen through a mirror) (Figure 2). It was also rotated so that the top was
pointed at one of four numbered angles. The goal of the task was to state from memory whether
the letter was normal or backward as well as at which angle it was pointed. After a short practice,
a total of three sets were used successively. The first set had only two letters. The next set had
three letters. And the last set included four letters. After each set, the student was given an
answer sheet to record the perspective (normal or backward) and pointing direction of the letters.
Presumablely, the difficulty of the sets increased as more memory was needed to process the
increasing number of letters in each set. The stereoscopic version of the letter rotation tasks
displayed the letters through the GeoWall instead of on a piece of paper. The rest of the
procedure was the same. The same letters, orientations, number of items and sets were used.
However, the order of items within each set was different between the paper and stereoscopic
presentations.
-------------------------Figure 2 placed here.
------------------------Task 2: block rotation task. The second task was modeled on an exercise from the Purdue
Visualizations of Rotation Test. In the original task, the image of a 3D modeled block is shown
before and after it has been rotated. Then another block is shown with four choices, one of which
shows how the new block would look after it was rotated similarly to the original block. The
student has to identify that block from four choices. In this study, the original block was replaced
with a 3D model of the NASA rovers currently exploring Mars. See Figure 3. After one practice
rotation task, four rotation tasks were used. For the stereoscopic version, the before and after
representations of the rovers were displayed in separate pairs via the GeoWall. So it appeared as
if the rovers “came out” of the wall, toward the student wearing the glasses. Using a controller,
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the student could flip back and forth between the images as needed. The rest of the procedure
involved the same types of rotations (but the ordering of the answer choices was changed), items,
sets, and answer sheets.
-------------------------Figure 3 placed here.
------------------------Task 3: paper folding task. The third task was modeled on the classic mental paper
folding exercise. Diagrams of a piece of paper being folded and then having a hole punched in it
were shown (Figure 4). Then, four diagrams of the unfolded piece of paper were shown beneath
it, with one of them showing how the paper will correctly look when unfolded after the hole
punch. The session began with one practice task followed by four tasks of increasing complexity.
The first task involved two paper folds and the last task involved five folds. For the stereoscopic
version, the 2D diagrams were replaced with a 3D rectangle shown with a surface texture
rendered to look like a piece of paper. The 3D “paper” was designed to have pieces of the paper
look like they are “coming out” from the screen while the rest appeared flat. Where those two
pieces connected was the fold point on the paper. The dotted lines on the 2D diagrams were used
as the angles at which the stereoscopic paper was folded. Only one fold could be seen at a time.
The other folds could be viewed by using a controller to move forward and backward as many
times as needed. The same number and types of folds were used as in the 2D version with a
different order of answer choices.
-------------------------Figure 4 placed here.
------------------------Subjects
This study was conducted over a seven-day period at a planetarium and astronomy museum in a
large Midwestern city in the United States. Nineteen middle school students (M = 11.8 years, SD

Presentation Format Effect 15

= 1.7 years) were randomly selected from among visitors at the museum. Ten students were
female and nine male. All but one student had prior experience watching 3D movies. Most
students in this study were avid computer users - about 56% of the students played video games
at least once per week. About 89% used computers at least monthly in class. When asked if they
were “not at all”, “somewhat” or “very much” interested in using computers for learning”, no
students chose “not at all” and 63% chose “very much”.

Procedure
Each session took place in the Space Visualization Laboratory (SVL). The SVL is a room
on the museum floor open to the public for limited hours. The room is separated from the rest of
the museum floor by transparent glass walls. Five interactive science visualization exhibits are
located around the room. In the middle of the room is a closet housing the GeoWall system that
projects stereoscopic images onto a large screen mounted on a wall (Figure 5). The sessions took
place at a desk about 300-450cm from the stereoscopic display screen. Previous studies show
variations in how people perceive stereoscopic representations that are in physically close
proximity to their eyes (~25cm), but no effects out to their tested limit of 405cm. (Bradshaw &
Glennerster, 2005). Sessions took about 12-20 minutes for each student.
-------------------------Figure 5 placed here.
------------------------At the start of the session, the student answered a set of demographic questions. Then
they completed the 2D letter rotation, paper folding and block rotation tasks by recording their
answers on provided answer sheets. Next, they were introduced to the GeoWall. They put on the
polarized glasses and went through the stereoscopic versions of the same tasks as on paper. They
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looked at the screen for the representations and then chose an answer from choices on answer
sheets which were identical to the 2D tasks, except in the order of their choices. In one session, a
technical problem prevented the GeoWall from functioning properly so data from the
stereoscopic tasks for that session were omitted from our analysis, resulting in a total of 18
students completing all three types of spatial tasks on paper and the Geowall. The time was
recorded for each type of tasks from when they began the first item to when they finished
answering the last item for the task. Therefore, a total of six times were recorded (3 task types x
2 presentation types). At the end of the session the students were asked about how they solved
each of the three tasks. They were also asked whether they preferred the 2D or stereoscopic
presentations. Audio was recorded during the entire session, including the interview. Written
field notes were also recorded when the students did something out of the ordinary during the
session and also to serve as a back up to the recording of the interviews. The interviews averaged
approximately three minutes in length and consisted of variations of the following two questions,
asked of each task:
•

(holds up a sample answer sheet from each of the task types): Can you tell me
when you were solving this problem, what was the strategy you used? In general,
what did you do in your mind?

•

Did you prefer to answer this question on paper or via the 3D wall?’

Data Analysis
Two outcome variables were obtained on each of the three task types: response accuracy
and time on task. For the response accuracy variable, each of the tasks were scored as a 0 for an
incorrect answer or 1 for a correct answer. For the letter rotation tasks, separate scores for
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perspective (backward or normal) and orientation (which direction the letter was pointed) were
recorded. All scores were then converted to a ratio by dividing the correct answers by the
maximum numbers of task items to provide a value with a range of 0 and 1. Thus, higher
numbers mean higher accuracy. Time on task was measured as the difference in seconds between
the start and the end of the task type. It was not further processed. Both accuracy ratio and time
on task variables represent student performance on the three spatial tasks presented in 2D and
stereoscopic presentation formats. This means that each student had six entries in both variables.
In order to indicate how each of six entries connected to which student, which presentation type,
and which spatial task, three additional variables were created. For the student variable, each
student was assigned a number from 1 to 19. The presentation type variable includes “1” for 2D
and “2” for stereoscopic presentation. The spatial cognition task variable was represented as a
number: “1” for the letter rotation task, “2” for the block rotation task and “3” for the paper
folding task.
We then applied mixed effects ANOVA's to the two outcome variables on accuracy and
time. The independent variables were presentation type (2D vs. stereoscopic) and spatial task
(letter rotation vs. paper folding vs. block rotation). The student variable was considered as
random effects.
The post-session interviews were transcribed and analyzed for insight into how the
students solved the various tasks. In some cases, the audio of the entire testing session was
reviewed for evidence to support or contrast statements made by the students in the post-session
interviews. The interviews were analyzed by looking for patterns between the students’
responses and by looking for mention of anything that could be related to depth cues (such as
talking about shadows). In particular, we looked for differences in how they described the
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processing of the 2D and stereoscopic tasks which may shed light on any differences in
performance.
Results
The first two subsections describe results on two outcome variables: accuracy and time
on task. The third subsection describes how the interviews were analyzed to look for reasons
behind the outcome variable results.
Accuracy
Table 1 shows the mean value for each task categorized by presentation type. As shown
in Table 2, the mixed effects ANOVA results indicate no statistically significant main effect of
presentation type on accuracy performance or task type. The lack of difference in performance
accuracies means that using a stereoscopic environment neither enhanced nor hindered the
students’ ability to successfully answer the task items when given enough time.
There is a statistically significant interaction effect between student and task type.
However, the main student effect and the student/presentation type interaction are not significant.
This means that all students’ performances were similar between presentations. Some students
performed better on some tasks than others, as opposed to students performing equally on all
tasks.
-----------------------------Tables 1 & 2 placed here.
-----------------------------Time on Task
A mixed effects ANOVA indicate a significant main effect of presentation format,
Stereoscopic visualizations required more time than 2D presentations. As shown in Table 3,
significant differences in time on task were also found for the type of task, indicating students
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took more time to solve spatial cognition tasks that require more 3D operations. The time
required to solve the letter rotation task in the stereoscopic environment decreased compared to
the 2D representational environment (Table 3). However, there was a modest increase in time
required to complete the block rotation task from the letter rotation task and a larger increase in
the time required to complete the paper folding task. There is a significant interaction effect
between student and task type, which is also found with accuracy, as described earlier.
-------------------------------Tables 3 & 4 placed here.
-------------------------------The letter rotation task is inherently a 2D task – the letters appear flat even when
projected stereoscopically. So the 2D and stereoscopic versions of the task are essentially the
same. Thus, the decrease in completion time for the letter rotation task can be attributed to
familiarity with the task, since the task had been previously presented on paper. However, the
other two tasks appear differently when presented in 2D or stereoscopically. In the block rotation
task, both the 2D and stereoscopic versions had pictorial depth cues. But only the stereoscopic
version also included a primary depth cue, binocular vision. Thus the increase in completion time
for this task, even though the student was already familiar with it, is likely due to the existence of
primary cues related to stereoscopy that did not exist in the 2D version. The paper-folding task
also appears much differently via a stereoscopic system, but with two added complications. First,
it requires multiple rotations at the same time. Secondly, it had no pictorial depth cues at all –
only the primary cue inherent in stereoscopy (binocular vision). This task had the largest increase
in completion time between the 2D and stereoscopic versions. These results are supported by
evidence that cues work best in combination. Thus, the increase in completion time caused by
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the stereoscopic environment can be related to the amount of 3D manipulations demanded by the
task and by the presence, or lack thereof, of the primary and pictorial depth cues.
Note there was no increase in accuracy in the stereoscopic tasks, despite familiarity with
the tasks. This could also be a sign that students are focused so much on the visiospatial
processing that they are not deeply concentrating in the cognitive aspects of the tasks.
-------------------------Table 5 placed here.
------------------------Post-Session Interviews
An analysis of interview transcripts provided some insight into the increase in time on
task for the stereoscopic task results. Nothing out of the ordinary was found in their description
of solving any of the 2D tasks. However, we noticed two important patterns in the language the
students’ used to describe how they solved the stereoscopic versions of the tasks: the consistent
use of two-dimensional language and the usage of props.
When describing their problem solving methods for the stereoscopic tasks, they often
used terms that reflect a continued 2D interpretation of the task, despite the fact that they were in
a stereoscopic format and 3D operations were required to successfully complete the task. For
example, three students used the term “flipped” a total of ten times when describing how they
solved the tasks. After the interviewer asked one student to explain how they solved the paper
folding task, the student said:

Student 1: I did the same thing, I had this square and if it was, say, flipped over
and it had to be slanted first then it had to be flipped over, then I looked at the
square and I noticed the shapes on it and if it wasn’t the same shapes then it
would be flipped over.
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This 2D thinking was manifested in oversimplified analysis of the rotations to which they
were exposed. The letter rotation items were rotated only at angles of 45, 135, 225 or 315
degrees. And the block rotation items were always rotated at an odd angle that included all threedimensions (x, y, and z). That is, these two tasks were never simply flipped one way or turned
upside down. Yet, students still referred to them in that manner by using terms such as “upside
down”, “backward”, “forward” and “normal” (as a synonym for “forward”) to describe their
mental rotation process, with no additional explanation. The following are examples of interview
responses. They were chosen as a representative sample of the types of responses in the
interviews.

Interviewer: Can you tell me when you were solving this problem, what was the
strategy you used? In general, what did you do in your mind?
Student 12: I put them back in (unintelligible) to see if they were forward or
backward.
Interviewer: And, what about the rovers. Can you tell me how you did that one?
Student 12: Hmm, I tried to move the block the way it was flipped.

Interviewer: Can you describe me your strategy for solving this one in your mind
and how you did it?
Student 11: Well, let’s say there is, like, all of them there, and I, basically, if there
was, like, 4 of them and if one of them could have been normal or backwards
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then normal or backwards then I would just try to remember that and then really
all of them they didn’t really all go into the same exact area...

Interviewer: Can you tell me when you were solving this letter question, how did
you solve it? What was your strategy?
Student 13: I just thought it was like it was supposed to be forward or backward
like that.

Interviewer: For these letter problems, can you describe to me what your strategy
was to solve them?
Student 22: First of all, I looked at, um, the number so if it would be four then I
looked at it four, then looked backward so I remembered it as four backwards.

Not all interviews had responses that showed two-dimensional thinking when describing
3D operations. However, this was the only pattern found.
Beyond the 2D language used by students to explain their thinking, they also used props to
help solve the stereoscopic tasks. However, they did not use them for the 2-D tasks. Speaking of
the stereoscopic block rotation task, one student used their hand to illustrate their point while
saying, “I just rotated my hand the way and compared it with [the screen] to see what it would
look like.” Another student said the paper folding task was easier on paper, “...because I had the
paper in front of me, so I could imagine it.” Inspection of field notes show that a total of four
students (including the two quoted previously) used their hands or paper to help solve the
stereoscopic problems, yet there is no evidence in the transcripts or field notes of any props

Presentation Format Effect 23

being used by any student for the 2-D tasks. The students perceived the need to use props in the
stereoscopic tasks while they did not feel the need to use them in the 2-D tasks, suggesting an
awareness of the increased cognitive demands of stereoscopic problem solving. However, use of
props were not related to 3D operations of the tasks, rather it was only related to the stereoscopic
representations. This supports the use of physical manipulation as a crutch for problem solving in
stereoscopic environments (Dori and Barak, 2001).

Discussion
This study shows that middle school students found stereoscopic representations more
difficult to mentally manipulate than 2D images. The interviews suggest they visualize the
stereoscopic images as flat representations and did not utilize depth cues. There is no difference
in accuracy between their responses to 2D and stereoscopic tasks. However, students took
significantly more time to choose an answer with the stereoscopic tasks, with the difference
relating to the increasing demand for 3D operations in the tasks. The 2D to 3D mental translation
needed to solve these tasks was not helped by the stereoscopic format. Stereoscopy, in fact,
hindered the problem solving process when multiple 3D manipulations were required.
The increasing demand on cognitive resources could be caused by the extra steps needed
to take a stereoscopic representation, mentally convert it to 2D and then perform a 3D operation
on it. Students may do this because they have been effectively trained to think of representations
as two-dimensional due to all the 2D representations that they are exposed to everyday. The extra
step of converting a stereoscopic representation to two dimensions must be at least equally as
difficult as performing a 3D operation on a 2D mental representation. The student would have to
mentally manipulate at least two dimensions separately and then combine the results in their
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mind. This would explain the additional time it took to complete the tasks, the use of two
dimensional language to describe their thought process and also why the there was no effect,
positive or negative, on the accuracy results. Alternatively, another explanation could be that the
stereoscopic representations are being viewed as visual items, not as representations. A study by
Zacks, J., Levy, E., Tversky, B. and Schiano, D. J. (1998) showed a similar time delay in the
processing of 3D graphs vs. 2D graphs. Those results, along with other data in their study, are
interpreted as a sign that the 3D objects were being seen as visual items not related to a real
world item. They suggest making the 3D objects more realistic because closer comparison “…to
real-world objects may confer some advantages” (p. 135). Our time delay could be a signal that
the brain is switching from a real-world mode to a simulated-world.
While this study did involve practice time, it was limited to a few practice items for each
task. In most cases, the students did not even want to bother doing practice items in the
stereoscopic format. They often made comments during practice such as “Yes, I know” and
routinely would cut off explanation of the practice item and how to use the stereoscopic
environment. In a few cases with older students, we experienced eye rolling as if this was too
easy for them. In a learning environment, a possible solution is to make the practice sessions
longer and more interesting by beginning the stereoscopic session by showing aspects of the
learning curriculum that do not require 3D operations, but are nevertheless shown
stereoscopically. That way they have a natural bridge of time from the 2D world of the textbook
to the stereoscopic representations.
The students in this study were chosen from visitors to a planetarium in an urban
environment in a large, Midwestern city during a time when most schools were closed for winter
vacation. As a result, the population may be skewed towards urban families that find enjoyment
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in, or place a level of educational importance on, visiting science museums. However, we think
the prior computer and 3D experience of students in this study is approximately equal to that of
the general population. About 56% of the students in this study played video games at least once
per week, which is in line with statistics showing that half of all children in American have a
video game system in their bedroom (Roberts, 2000; Sherman, 1996 cited by Williams, 2006).
About 89% of students in this study used computers at least monthly in class, which is in line
with statistics showing that approximately 84% of K-12 classrooms had at least one computer
available to students in 2000-2001 (Norris, Sullivan, Poirot & Soloway, 2003), a number that has
likely increased since then. All students but one had prior experience in a stereoscopic
environment, which is not surprising considering the proliferation of stereoscopic films these
days.
The study is limited by a relatively small sample size. The small size is a function of the
session time and the limited availability of the laboratory during the hours the museum is open to
the public. Since the study took place in an active room of the museum, there were certain times
when the room was needed for public events. Also, since compensation consisted of free family
admission to the museum, sessions could not be conducted towards the end of the day. This
effectively limited the availability of the lab to about four hours a day. Finally, even though each
session only took 12-20 minutes to complete, it took considerable amount of time to recruit a
family, get them admitted to the museum, help them place winter clothing in lockers and then
walk them to the room. Larger than desired error bars in the statistics are one result of the sample
size. It is possible that the difference in accuracy between the two presentation formats on the
paper folding task could become statistically significant with a larger sample size. However, we
feel the small sample size affects the qualitative data the most. Most students provided limited
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responses to our questions, thus the data was disproportionately limited by sample size,
compared to the statistical results. More qualitative data would allow us to search for more
patterns in the responses and provide a more thorough interpretation of the results.
It is important to note that this study was conducted in a laboratory setting with primarily
cognitive tasks. Therefore, the results of this study cannot be generalized to real-world learning
tasks that involve more than just spatially manipulating objects and, as such, cannot be compared
with previous studies using stereoscopic representations in educational settings. More demands
are placed on cognitive processes in an educational setting which makes it more difficult to
separate mental visualization from other cognitive demands. These other demands may have
interaction effects with the mental visualizations, for better or for worse. Our follow up research
will be centered on a learning task to look for those types of interactions and also to test the use
of multiple depth cues. It will involve the distribution of galaxies and its relationship to the size
and shape of the Universe. Multiple depth cues and other established interactive design
principles (Kali, 2006; Mayer, 2005) will be developed into the visualization along with more
authentic techniques for assessing cognition load and learning results.

Conclusions, Implications and Future Research
The link between representations and learning is perception. In science classrooms, 2D
perception of 3D objects is often the bottleneck in the learning process. Stereoscopy has been
used for decades with some success to enhance perception by allowing the use of more
sophisticated representations in textbooks (Holford, 1970).
The design of the tasks in this study, being taken from spatial cognition batteries, did not
take into account representational design principles that are proven to lower cognitive load, such
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as the use of multiple representations, animation and verbal cues (Cook, 2006). Designers of
stereoscopic representations should attempt to reduce the cognitive load needed to process the
images. They may want to incorporate at least one pictorial depth cue into their representations
instead of relying solely on the primary stereoscopic cue (Tory, Kirkpatrick, Atkins and Möller,
2006). Additionally, Mayer’s multimedia learning principles have been successful in reducing
cognitive load of 2D representations (Mayer, 2005) and may be similarly applied to stereoscopic
representations. In our study, the lack of implementation of these principles may have overcome
any possible advantage that the stereoscopic environment may have afforded.
In order to successfully use stereoscopic representations in a learning environment such
as a classroom or a museum setting, students will also have to overcome their natural tendency to
think of representations in strictly two dimensions. One possible way would be to design a presession training program that teaches students to trust what they see (such as having them
navigate a stereoscopic virtual environment) (Dixon, 1997). Another possible way would be to
incorporate cue theory, specifically multiple depth cues, into the representations since students
are familiar with seeing them in modern computer applications. Studies have shown that 2D
representations are often effective for tasks that require attention to detail while 3D
representations are effective for tasks that require overall, generalized attention (St. John,
Cowen, Smallman & Oonk, 2001). This may be true for stereoscopy as well, suggesting that it
could be used for the beginning of a highly spatial learning task but not necessarily needed for
the end of the task, when more detailed information is usually presented. This may explain the
increasing time it took to process the tasks with more 3D operations, since they included more
detail.
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Our results are in line with previous studies indicating that depth cues work best when
multiple depth cues are present at the same time (Kim, et al., 1987; Hu, et al., 2002; Seddon &
Eniaiyeju, 1986; Tory, Kirkpatrick, Atkins and Möller, 2006; Willemsen, et al., 2008). The
results conflict somewhat with those of Kim, et al., (1987) which reported increased
stereoscopic performance on spatial tasks with no additional visual cues (depth or otherwise)
present. However, their study showed that additional visual cues were still useful because they
increased performance over tasks that had stereoscopic cues alone. Additional depth cues may
act as a bridge between 2D and 3D thinking because students are used to seeing depth cues in 2D
environments. Thus they offer something familiar to the student. Also, when a student sees depth
cues they, by their very nature, think of the representation in multiple dimensions. So depth cues
may also prime the students by preparing them for 3D thought.
As stereoscopic technology becomes simpler, more affordable and popular, there will be
a temptation to blindly deploy it in classrooms. Results of this study show that this could be
detrimental to the learning process if the added cognitive load to manipulate the three
dimensional objects is not taken into account.
Stereoscopic displays are very popular with students. Stereoscopic video games are
available for all the major video game platforms, 3D television sets are about to be released to
the consumer market and national movie theater chains are installing stereoscopic equipment.
Stereoscopic technology can bring this enthusiasm into the science classroom. However, our
study shows that this could actually slow cognition when used with 3D objects and without
consideration of other design principles. These results could have implications for instructional
designers and educators who work in highly spatial learning domains such as astronomy,
biology, chemistry, geosciences and physics. Specifically, educators and designers need to work
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further to determine how to take advantage of the fact that stereoscopic representations of spatial
tasks require a different type of thinking than traditional, 2D representations. This may offer a
way to assist students who have trouble with traditional, 2D representations of highly spatial
concepts.
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Table 1
Means for Task Performance
N
Task

M

SD

2D

Stereo

2D

Stereo

2D

Stereo

Letter rotation

19

18

.54

.50

.04

.05

Block rotation

19

18

.50

.47

.08

.08

Paper folding

19

19

.61

.49

.06

.06

.55

.49

.11

.11

Subtotals

Note. Means consist of normalized scores. SD subtotal is the SD of all three tasks of that
presentation type added in quadrature.
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Table 2
Analysis of Variance for Performance
Source

df

F

h

p

Fixed effects
Presentation (P)

1

1.03

.053

.32

Task (T)

2

.39

.021

.68

PxT

2

.53

.030

.59

Random effects
Student (S)

18

1.36

.53

.25

PxS

18

1.22

.39

.30

TxS

36

1.97

.68

.03*
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Table 3
Means for Time on Task
M (seconds)

N
Task

SD

2D

Stereo

2D

Stereo

2D

Stereo

Letter rotation

18

19

18.0

12.6

1.6

0.8

Block rotation

19

16

18.6

24.5

7.4

8.5

Paper folding

18

18

21.2

34.9

1.9

3.6

19.3

24.0

7.8

9.3

Subtotal

Note. SD subtotal is the SD of all three tasks of that presentation type added in quadrature.
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Table 4
Analysis of Variance for Time on Task
Source

df

F

h

p

Fixed effects
Presentation (P)

1

11.6

.40

.00**

Task (T)

2

16.4

.49

.00**

PxT

2

23.8

.60

.00**

Random effects
Student (S)

18

1.57

.52

.14

PxS

18

1.40

.43

.20

TxS

36

2.54

.73

.01*
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Table 5
Means for Representational Environment Preference
Task

N

M

SD

Letter rotation

19

1.42

.77

Block rotation

18

1.17

.88

Paper folding

18

.94

1.12

Note. Means are on a scale of 0 = 2D preference and 2 = stereoscopic preference.
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Figure Captions
Figure 1. Sample of a 2D (left) and 3D (right) representation of a simple house.
Figure 2. A sample of the letter rotation task.
Figure 3. A sample of the paper folding task. In the stereoscopic version, the top and bottom
parts of the folded paper appear to come out from the screen towards the viewer.
Figure 4. A sample of the block rotation task, using a Mars rover as the analog. In the
stereoscopic version, the rover appears to come out from the screen towards the viewer.
Figure 5. The Space Visualization Laboratory at the Adler Planetarium and Astronomy Museum.
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