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Abstract. The focus of the current study was to understand which aspects of 3D 
immersive virtual reality are particularly useful for tasks based on the use of 
egocentric frames of reference. Twenty-two undergraduate students learned rel-
ative motion concepts in an interactive virtual reality simulation, either in an 
immersive virtual environment (IVE) or non-immersive desktop virtual envi-
ronment (DVE). Our results show that the IVE group improved more signifi-
cantly than the DVE group on solving relative motion problems after training in 
the simulations. The students’ improvement from the pre- to post- problem 
solving test revealed that, through correlation analysis and rating different 
scales of presence, only spatial immersion scale showed a significant  
correlation which favored the IVE. This result supports our hypothesis that ego-
centric encoding of the scene in IVE is beneficial for tasks based on the use of 
egocentric frames of reference. 
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1 Introduction 

Recently, as an alternative to traditional 2D displays, more realistic non-immersive 
3D displays (e.g., using stereoscopic glasses) and immersive 3D virtual environments 
are being applied to a variety of human-computer interface domains and being used as 
a new, more ecologically valid research tool [1-3]. Although these 3D environments 
are richer with object and spatial information and more appealing to the user, research 
has so far provided conflicting evidence regarding its effectiveness in learning and 
task performance [4-5]. For example, for some tasks, such as collision avoidance, the 
3D displays were found to be beneficial over 2D [5], whereas other researchers re-
ported lower efficiency of 3D over 2D displays [6], as well as more difficulties in 
performing fine motor tasks in virtual environments as compared to real world envi-
ronments [7]. In order to resolve these conflicting findings and determine the relative 
value of 3D immersive environments for real-world applications versus 3D non-
immersive and more traditional 2D displays, more systematic examination of human 
performance of a variety of visual-spatial tasks in these environments is needed. The 
focus of the current study is to understand which unique features of an immersive 
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virtual reality environment are useful for tasks based on the use of egocentric frames 
of reference.  

2 Method and Activities 

2.1 Participants and Assessment Materials 

Twenty two undergraduate and graduate students majoring in different disciplines 
(engineering, computer science, information technology, and social sciences) from 
Norfolk State University (VA, USA) and George Mason University (VA, USA) parti-
cipated in the study.  Participants were randomly assigned to either immersive virtual 
environment (IVE) or desktop virtual environment (DVE) conditions. There were 14 
students assigned to IVE conditions and 8 students assigned to DVE conditions.  

First, participants were pre-tested with the Relative Motion Problem Solving Ques-
tionnaire (RMPSQ). The RMPSQ included 8 one-dimensional and 2 two-dimensional 
relative motion problems. The internal reliability of the questionnaire (alpha Cron-
bach) is 0.70.  After pre-tests, all the participants were exposed to either IVE or DVE 
virtual simulations on relative motion. The activities in the relative motion simula-
tions generally lasted for 30 - 40 minutes. The students were videotaped during their 
activities in the virtual simulation. Their videotapes were transcribed and analyzed. 
After completing these activities, all of the participants were post-tested on the same 
RMPSQ physics questionnaire that was administered in the pre-test.  Finally, all of 
the participants were given a self-report Presence Questionnaire (PQ: [8]) that meas-
ures the extent of the user’s subjective sense of “being” in a virtual environment. We 
tailored the latest version of the PQ (version 4.0) for the purpose of our research. The 
internal reliability (alpha Cronbach) of the PQ is 0.81.  

2.2 Relative Motion Simulation Activities 

Both simulations, in IVE and DVE, included the same activities with five levels of 
increasing complexity. In the IVE environment, the activities were presented to the 
participants through an nVisor SX60 (by Nvis Inc) Head Mounted Display (HMD). 
The HMD has a 44” horizontal by 34” vertical field of view (FOV) with a display 
resolution of 1280 x 1024. Sensors on the HMD enabled real-time simulation in 
which any movement of the subject’s head immediately caused a corresponding 
change to the image rendered in the HMD. The participant’s head position was 
tracked by 4 cameras located in each corner of the experimental room and responsive 
to an infrared light source mounted on the top of the HMD. The rotation of the user’s 
head was captured by a digital compass mounted on the back of the HMD. The partic-
ipant was able to interact with the immersive virtual simulation (i.e., to send different 
commands) by using a handheld wireless remote control. For DVE condition, the 
students observed the simulation while looking at a conventional 2D display, and they 
were able to interact with the simulations using a computer mouse.  

Both IVE and DVE activities were based on the same simulation module featuring 
either two air tracks, with one glider on each track (laboratory setting) or two human 
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avatars (realistic setting), as shown in Figure 1. The module is comprised of virtual 
activities with five levels of increasing complexity. In the first three levels, the air 
tracks were aligned parallel to each other, so that students could predict and observe 
one-dimensional relative motion. In levels 4 and 5, the air tracks were set up at a 90-
degree angle, so that students could observe and predict two-dimensional relative 
motion.  Except for the first level, each level includes an observational mode in which 
students observe the motion of two gliders from a laboratory frame of reference, a 
prediction mode in which students are asked to predict the velocity of one of the glid-
ers in the frame of reference of the other glider, and a verification mode in which the 
students could observe the motion of one of the gliders while virtually riding on the 
other glider. 

 

 

Fig. 1. A screenshot from the virtual simulations on two-dimensional relative motion: virtual 
laboratory setting featuring two air tracks and two gliders (left), and realistic mode (virtual city) 
featuring two human avatars (right) 

Students could make turns and watch the scene from different perspectives as well 
as switch between moving and stationary frames of reference. Arrows indicating pre-
dicted and actual relative velocities that were attached to the gliders offered feedback 
for the students. Students could also switch back and forth between a realistic and an 
impoverished “dark mode” in the virtual lab, in which only the two moving gliders 
and their relative velocity arrows were visible, to enhance the feeling that the moving 
glider (avatar) was a new frame of reference. 

3 Results 

3.1 RMPSQ 

We conducted a 2X2 MIXED ANOVA analysis with time (pre-RMPSQ and post- 
RMPSQ) as a within-subject variable and learning environment (DVE and IVE) as a 
between subject variable. The analysis revealed that all the participants significantly 
improved their performance on RMPSQ from the pre- to post-test: F(1,20) = 23.774, 
p < 0.001. The effect of environment was significant, F(1,20) = 5.94, p = 0.02 as well 
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as the effect of interaction between time and environment, F(1,20) = 8.94, p = 0.03. 
Follow-up ANOVAs indicated that while there was no significant difference between 
these two groups on pre-test [MIVE= 2.92 (SD = 1.94), MDVE = 2.12 (SD = 1.35); 
F(1,21) = 1.06, p = 0.31], the difference on the post-test was significant [MIVE = 5.92 
(SD = 2.16), MDVE = 3.25 (SD = 1.58); F(1,21) = 9.31, p = 0.006], so that students in 
immersive conditions outperformed those in the desktop condition on the post-test.    

3.2 Presence Questionnaire  

Based on Witmer’s et al [8] four-factor model of the PQ obtained as a result of prin-
ciple component analyses, we assigned the items of the PQ (modified version 4.0) to 
the following scales:  

─ Involvement/control - relates to the perceived ability to control virtual environment 
(VE) events, responsiveness of the VE to the user-initiated actions, and overall in-
volvement in the VE experience;   

─ Visual Fidelity – relates to the degree to which the VE configuration permits active 
search or survey of objects in the VE using vision; 

─ Interface Quality – relates to perceived quality of the VE interface and the extent to 
which it does not interfere with activities in the VE; 

─ Adaptation – relates to how quickly the user adjusts to/feels immersed into the VE 
experience; 

─ Psychological Immersion – relates to the perceived proficiency of interacting with 
and operating in the VE; 

─ Spatial Immersion - relates to the extent to which the user feels part of the virtual 
environment being surrounded by the virtual objects (“looking out”) rather than 
looking on the scene from the outside (“looking in”). 

First we correlated students’ improvement from pre- to post-RMPSQ (computed as 
differences between students; scores on post- and pre-RMPSQ) with their ratings of 
different types of presence. We found a significant correlation between improvement 
on RMPSQ and students rating on adaptation scale of the presence questionnaire (r = 
0.47, p = 0.027) as well as marginal correlation between improvement on RMPSQ 
and spatial immersion scale (r = 0.390, p = 0.07). All other correlations were non-
significant. Interestingly, there was no correlation between students’ improvement 
and their ratings on psychological immersion scale (r = 0.041, p = 0.85).   

To compare how individuals in IVE and DVE conditions rated different types of 
presence in these learning environments, we conducted One-way ANOVAs with 
learning environment (DVE vs. IVE) as a predictor and their ratings on different types 
of presence as criterion variables. We found a significant difference between partici-
pants’ rating of spatial immersion in IVE and DVE environments (p = 0.04) so that 
those in IVE condition rate spatial immersion higher than those in DVE condition; 
and a marginal difference between participants’ rating of interface quality of IVE vs. 
DVE environments (p=0.08) in the favor of IVE environment. No difference in  
participants’ rating was found for other presence scales. 
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4 Conclusion 

Our results show that the IVE group improved more significantly than the DVE group 
on solving relative motion problems after training in the simulations. Our correlation 
analysis of the students’ improvement from pre- to post- problem solving test with 
their ratings of different scales of presence revealed that only spatial immersion scale 
showed a significant correlation and it favored the IVE environment. The spatial im-
mersion scale relates to the extent to which the user finds the VE perceptually con-
vincing: looking out as if they are a part of the virtual environment being surrounded 
by virtual objects, rather than looking in on the scene from the outside. This result 
supports our hypothesis that egocentric encoding of the scene in IVE is beneficial for 
tasks based on the use of egocentric frames of reference. 
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