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Abstract: This paper describes a research study theestigated the benefits of different
immersive frames of referendegocentric, exocentricand acombination ofthe two) for
mastering complex and multidimensional information. Based on study outcomes, we attempt to
addressseveral questions. Firsthow do FORssupport mastery of abstraghformation?
Second, does the nature of the probleoiving environmentmatter? Third, how dindividual
characteristicsanddimensions of the learning experience influence rédationship between
FORs and mastery?

1. Introduction

The ability to work with abstra@nd multidimensional information is erucial skill [West 1991]. Workers are
required tonavigate complex information to locatiata, to identifypatterns for problensolving, and to use
sophisticated representations to communicate fteas[Reiber 94]. In academic areasuch as mathscience,
engineering, and statistics, students’ success depends to a large extent upon their abilities tcaedwisioipulate
abstract informatiofiGordin & Pea 95]. Finallymembers of todayknowledge-basedociety mustgrapple with
important political, environmentaknd social issues thatan be understoodnly through the integration and
visualization of multidimensionadata.Unfortunately, substantiaksearchshows that visualization idlifficult for
most peoplgWhite 93; West 91].Thus, techniqueghat can help peoplerecognizepatterns,reason qualitatively
about physical processes, translate among frames of reference, and envision dynamic models are important.

Manipulating frames ofreference(FORs), ordifferent perspectives, is one of martgchniques available to
designers olvisualization environmentdifferent FORs may be usefuior highlighting different patterns and
relationships in abstraghformation. Althoughthereare numerousFORs, manycan be classified as exocentric or
egocentric. Thexocentric FORprovides a view of an object, space, or phenomena from the outside looking in. The
egocentric FORprovides aview of the object, space, or phenomena faithin. In this paper, weare concerned
with these two FORs, as well as with a third FOR that we call the bic&@f The bicentric FORallows users
to alternate between the egocentric and exocentric FORs.

A review of research oRORs indicatesthey can influencevhat peopleattend toandwhat theylearn[Presson,
DelLange & Hazelrigg 89; Thorndike & Hayes-Roth 82]. Tiesearchprovidesthe basis for the hypothesis that an
egocentric FOR helps people make local judgméuacerning details ithe information)and anexocentric FOR
helps people make global judgments (concerning the “big picture”). However, this body of research focuses primarily
on navigational tasks and provides little insight on using FORs to support mastery of abstract information.

Research in education and human-computer interaatsmprovidesinformation relevant tahe study ofFORs
as visualization tools [Halpern 92; Norman 95]. These studies underscore the importance of the rioldigidoat
characteristics(e.g., gender, spatial ability, and domain experience)and learning experiences(e.g., usability,
motivation, and presence) play in shaping the relationship between FORs and mastery.

2. Research Goals & Hypotheses

We designedhis study toaddressthe following researchquestions: (1) Howcan FORs support mastery of
abstract information?; (2) Does the nature of the proldelving environment matterand(3) How doindividual
characteristicand dimensions of the learningxperience influencéhe relationshipbetweenFORs and mastery?
Based on our review of the literature, we had the following expectations:



 FORswould influencemastery. A combination of FORsould be bettethan a single FORthere would be
differences in what people learned from egocentric and exocentric FORs.

» People mighthave trouble transferring whttey learnedvia one FOR to a problem solving environment that
requires a different FOR.

» Individual characteristiceind dimensions of the interactioexperience wouldhelp to clarify the relationship
between FORs and mastery.

3. Methods

The general design dhis study was amixed 3 (FOR group,between) x 2(FM concep, within) x 2 (DC
concept, within)factorial design. The threEOR groupswere egocentric, exocentricand bicentric (alternating
between egocentriand exocentricFORSs). Participantsvere assigned randomly to BOR group such thagroups
were proportionally balanced on gender. The DC concept and FM concept represent the kinds of infetudatitn
worked with in the visualization environmentescriptive (definitions and representationspnd causal (rules
explaining relationships) information concernifagce (the distribution offorce in electric fieldsandmotion (how
test charges are propelled by forces in electric fields).

Forty-eight students, 30 males and 18 females, participated the studyw@éltegyniors andseniors inadvanced
physics classes at a local high school. However, none of werafamiliar with theelectric field conceptscovered
in this study. Participantbegan the study by completingeveral questionnaires concernitigeir individual
characteristics. Then, participamsmpleted desson aboutlectric fieldsusing a visualization environmeugglled
MaxwellWorld (MW). They interactedwith (MW) from one of thred=ORs: egocentric, exocentri@nd bicentric.
Learning processdatawas collected duringhis time. Immediatelyfollowing the lesson, participantsompleted a
series of questionnaires concerning their leareixgeriences. Approximately @ays aftecompleting the lessons,
they participated in a testing sessidnying whichtheir mastery of the concepts wassessed. Athe veryend of
this session, students were asked to reflect on their participation via a follow-up interview. More information about
the measures and materials is provided below.

3.1 MaxwellWorld's Frames of Reference

MW is an immersive VR visualization environmatgveloped byProjectScienceSpacfede etal. in press].
MW is designed tchelp students master a complandabstract domain of science - electric fields. In \&@mngple
terms, an electric field represents the distribution of force a standard charged particle (a test charge) would incur at any
point throughout thepace surrounding ehargedparticle. MW allows students to builélectric fields by placing
charged particles (sourcecharges) in a3-D space [Fig. 1]. Studentscan then manipulate abstract and
multidimensional representations of thlectric field. These representatiof@sg., testchargetracesfield lines, and
moving test charges with patharkers) providenformation about the distribution dérce in the electric field and
show how a charged particle would move if it were released in the electric field.

MW’s physical interface is typical of current high-end virtual reality. Hardware inclu@kcan Graphics Onyx
Reality Engine2 graphics workstation Siicon Graphicsindy workstation, VirtualResearch's/R4 headmounted
display (HMD), a 3Ball, a mendevice,and aPolhemus magnetic tracking system. The workstatimasused to
create the sounds and graphics used in MW. The remaining equipment enables a user to interact with MW. On his or
her head, the user wears tH®D. In one hand,the user holds the 3Ball, which iepresented in MW as vartual
hand. Inthe otherhand, he or she holdsnaenudevice,which is represented in MW as a hahdlding a menu
system [Fig. 2]. The Polhemus tracking system monitors the location of the HMD, the @8®lalie menudevice.
This enables the user to contrehere he orshe is lookingand to use the virtualhand, menus, and direct
manipulation to perform tasks in MW.

Studentsinteractedwith MW from one ofthreeimmersive FORsegocentric, exocentri@nd bicentric. In the
exocentric FOR [Fig. 3], students explored electric fields as an observer from the edge of the fieldsgdeehtic
FOR [Fig. 4],studentsexplored electric fields as test charge immersedithin the fields. In thebicentric FOR,
studentsalternated betweethe egocentricand exocentricFORs for successive learningctivities. Thus,bicentric
students explored electric fields both as a test charge within the fields and as an observer from the edge of the fields.



Exocentric View Egocentric View

Figure 1: Electric field Figure 2: A person Figure 3: Exocentric Figure 4: Egocentric
and menu in MW. interacting with MW. FOR in MW. FOR in MW.

3.2 Lessons & Concepts

Scriptedlessonsserved toguide participants through the learning processl tostructure their inquiries about
force and motion while using MW. Lessons were administered verbally to one student at a timeonEiggd of a
series of learning activitiesachlearning activityconsisted of a cycle of predictiorend observations.Thus,
participants began each activity by making a verbal predietimut the outcomes of that activity; they thested
their predictions; finally, they discussed their observations.

Lessons focused on electric field concepts. Note thaeldwtric field domairwas deemedappropriate foiseveral
reasons. First, the principlasiderlying the phenomerare abstractand multidimensional. Second, mastery of
electric fields requirestudents to perforrtypical visualization tasks: to work withbstract concepts, to imagine
how changes to source charges chatige field, and to recognize and understandatterns in electricfield
representations. Third, priaesearchwith students studyinglectric fields demonstratethat they have trouble
mastering electric field concepts [Dede et al. in press].

Students studied two aspects of the electric field (FM concept): (1) the distributiorcefin electric fields and
(2) themotionof test charges through electric fields. Their lessmveredtwo types of information (D@oncept):
(1) descriptive(symbolic or “what” information such as definitions or representations) amm(®pl (conceptual or
“why” information such as rules explaining relationships) [Shute 95]ledmabout force, studentstudied how
forces weredistributed insimple and complex electric fields, observedhow changes to electric fieldaffected
distributions offorce, andtried to apply rules of superposition (thedition of forces). To learabout motion,
students explored hotest chargegimaginarychargedparticles)were propelled by forces ithe electric fields. The
concepts offorce andmotion were selected because amalysis of these conceptsiggestedhat mastery offorce
would depend more heavily on global than local judgments and that mastery of motion would require more local than
global judgments.

3.3 Learning Process & Mastery

Participants’ comments (predictions, observati@ml synthesis statementpjovidedthe basis formonitoring
the learning process. Comments for each learning activity were logged theihgssons. Six activities (two at the
beginning,middle, and end otthe lesson)included synthesis questions asking students to try to summarize key
concepts.

The mastery test was teansfertest administeredoutside of MW. It was developed and refined based on the
outcomes ofseveralpilot testsandthe expertise ofwo physicists who alsteachthis subject. To maximize the
likelihood of detecting differences among the groups, the testiesigned topush theedge ofstudentsknowledge.
Tests consisted of several kinds of questions: conceptual questions, skatdidesnonstrations. Questiotargeted
both the FM concept (force and motion) and the DC concept (descriptive and causal).

Conceptual questiorend sketchesvere administeredia a paperand pencil test. Conceptual questiorexjuired
students to imagine force or motion scenariodetermine whether it could beue, and explain why. Sketches
required students to use the informatmmasented in aketch toanswerquestions about the distribution foirce or
the motion of a test charge within the field. Demonstrations were administered verbally using 3-D manipulatives and
required students to explore electric fields and to demonstratdistribution offorce orthe motion of a testharge
within them.



3.4 Test Environment

The test environment wasanipulated duringhe mastery test's demonstrations. Studédrad to complete
demonstrations in bottego-referenced and exo-referenaavironments. Duringexo-referenceddemonstrations,
electric fieldswerebuilt on adesktopusing small manipulatives. Duringgo-referencedlemonstrationselectric
fields were built around the student using larger manipulatives. Thus, students were outsieetrtbdields for the
exo-referencedlemonstrationsnd wereimmersedwithin the electric fields forthe ego-referencedlemonstrations,
mimicking the egocentric and exocentric FORs in MW.

3.5 Individual Characteristics & the Learning Experience

Individual characteristicsicluded genderdomain experience (scienesd computerexperience)spatial ability
(spatial patterns and spatial visualization), immersive tendencies, and motion sickness history. ET@ldG&Z-2
2 [Ekerstrom et al. 94] were used to measure the two dimensions of spatial ability. ImmemsigaciegSinger &
Witmer 96] andMotion Sickness HistoryKennedy etal. 93] questionnairesvere used tasses®achparticipant’s
propensity towards immersion and sickness.

To capturethe learningexperience, waneasuredmmersion, simulator sickness, usabilitsnd motivation.
Presence [Singer & Witmer 96] and Simulator Sickness [Kennedy et afju@8ionnairesvere used tassess how
immersed participants were and how they felt physically when using RBiformance-basagsability wasassessed
via task timeand problem rates. Subjective usabilignd motivation were assesseda 7 point anchoredrating
scales.

3.6 Follow-up Interviews

At the very end of the study, studemisre asked to reflect atheir experiences. Theglescribedvhat theyliked
and disliked about MW and identified the strengths and weaknesses of the FORs.

4. Results & Discussion

4.1 How do FORs support mastery of abstract information?

Learning process data, mastery outcomes, and interview outdodieste: (1) alternating betwe&rORs during
the lesson was morffectivethan using a single FOR2) the egocentricand exocentricFORs were useful in
providing different kinds of information; and (3) the type of information highlighted byetleeentricand exocentric
FORs did not lead to differential mastery of concepts selected for this study.

Mastery scores and learning process data show that the bideDRdacilitated masterybeyondthe otherFORs
[Fig. 5]. An ANOVA on mastery score~OR group by FMconcept by DC concept) revealssagnificant main
effect for FOR groupHy,, (2, 45) = 4.64p = .01). A planned comparison shows that the bicentric ghadietter
mastery scores than either the egocentric group or exocentric gRalRs.s-bi(1, 45) = 9.20,p = .004). Learning

process data (accuracy and content of predictions, observations, and synthesis statements) further support this finding.
Early on in the lessons, there was little difference in students’ understanding. As the pesgmssedthe bicentric

group outperformed the other groups. Figure 6 summarizes atearacyfor the firstandlast synthesigjuestions

(covering both force andmotion). Note that mastergcoreswere highly and positively correlatedwith overall

accuracy for synthesis questiong48) = .71, p = .0001).

Learning process data and interviews suggest that the egocentric and exocentric FORs fdifiétetgdinds of
observations. During the learning process, student observations sometimes depended on the FOR in wiereh they
currently. For example, when asked to describe the electric field for a single source charge, 50% of the students in the
exocentric FOR at the time (all of the exocentric group and half of the bicentric group) commented on its symmetry.
Only 4% of the students in thegocentricgroup notedthis. During the follow-up interviews, thstudents in the
bicentric group were asked to comment on how they felt the egocentric and exocentric views supported their learning.
All students felt that the FORs supported their learning in different ways. fdhag the egocentricFOR useful for
providing details and felt that ftelpedthem identify subtle changes irnthe motion of a testharge. However, they
felt the egocentric FOR made them work at seeing the “big picture.&Xdmentricview provided abetteroverview
of the information. When asked to reflect on the FORs, 91% of the studentsegaentricand exocentric groups



said that the alternative FOR would have been useful. Reasons were similar to those listed by the bicentric group.
Despite evidence showing that the egocentric and exocentric FORs highligffeezht kinds of information, we

did not find that mastery of concepts (FM concefbree vs. motion; DCconcept = descriptives. causal)differed

as a function of the FORs in whidgtudentdearned[Fig. 7]. An ANOVA (FOR group by FMconcept by DC

concept) on mastery scores reveals significant main effects for FM coRggfit,(45) = 32.33, p = .00018nd DC

concept Fq4. (1, 45) = 420.36, p = .0001), bao significant interactions with FOR group. ©éntral interest to us

here isthe lack of interactions. In contrast to what eectedthe FORsdid not differentially affecthow well
studentsmastered forcandmotion ordescriptive (whatpnd causal (why)information. An examination aftudent
answers suggests that students were using both globd#dcal information across the conceptwus, it is likely
that these concepts were not ideal for highlighting differences in the types of mastery afforded by the different FORs.
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4.2 Does the nature of the problem solving environment matter?

An ANOVA (FOR group by FM concept btest environment) on demonstration mastagres indicatethat
FOR groupdiffered in the extent to which thewere able to adopdifferent FORs when problem solvingtest
environment = ego-referenced vs. exo-referenced) [Fig. 8]. There was not effe@ctifor test environmentMastery
(collapsed across FOR groups) on #go-referencegortion of the test was roughbguivalent to mastery oexo-
referencedportion of the test.However, there was aignificant FOR group by test environmeinteraction
(Fgrp#stenv (2, 45) = 22.91,p = .0001). Relativeperformance ofthe groupsvaried as afunction of the test
environment. Simpleeffects within each group (comparing egoand exo-referencegerformance) showethat
exocentric group's ego-referenced scores were significantly lower (taf@Xheirexo-referencegcores Eiestenv@ego
(1, 15) = 9.53,p = .01). Thereversewas true ofegocentricandbicentric groupg+.028 and +.039 respectively),
although thisdifferencewas significant only for the bicentric groufdenvani (1, 15) = 5.96,p = .03). To



summarize, the exocentric grobpdtrouble adoptinglifferent FORs whereashe egocentricand exocentric groups
did not.

4.3 How do individual characteristics and dimensions of the learning experience influence the
relationship between FORs and mastery?

Both individual characteristicand learning experiences playetmportant roles in shaping mastemndividual
characteristics explaine2i3.4% of the variability in masterscores R2 = .234, F(4, 44) = 3.28, p = .02). Of the
individual characteristics, we had expected spatial ability to be the best predictor of mastery. However, gender was the
best predictor. On average, males had higher scores than femalgs< .44,t = 3.05,p = .004). Spatial ability (a
linear composite of the CS-2 and VZ-2 test scores was used here) was marginally predictive of asterg§, t
= 1.85,p = .07). We alsdound one aspect of domaiexperiencgtotal science classes) to be predictive of mastery
((sei = --30,t = -2.03, p = .05) while the other (hourper week using computers) wasnot. Somewhat

counterintuitively, participants with moseience classeended to donore poorly on the mastery test. Vakso
checked to see if the effects of FORs on mastery varied as a function of individual characterisocsmdwey did
not (there were nadnteractionshetween individual characteristie;d FOR group). Thebenefit of theFORs for
learning was consistent across different kinds of students.

Dimensions of the learning experience explained 30.1% of the variance in mastery REer@91, F (6, 41) =
2.94, p = .017). The mogiredictivedimensions of the learningxperience wergask timeandsimulator sickness
(Ltime = --369,t = -2.645,p = .012; g, = -.333,t =-2.174,p = .036). Asexpectedhigher simulator sickness
resulted in lowemastery; longer task timesere also associatedvith poorer performance othe masterytest.
Immersion, motivation, and otheneasures ofisability werenot significantpredictors ofmastery.Therealso was
high variability in participants’ learningxperiencesnot explained bythe FORs theyused. Outcomes of a
MANOVA suggest that the FOR groul not significantly predictusability, simulator sickness, immersion and
motivation (Wilks _ = .742F (12, 80) = 1.17p = .32). Instead,some aspects of the learniagperience appear to
have differed as afunction of individual characteristics.For example,individual characteristicspredicted
approximately 30% of the variability in one aspect of usability - task tiRée (300, F (4, 43) = 4.60,p = .004).
Participants with higher domain experience and spatial ability completed the lessons more efficiently. Spatial ability
also waspredictive ofsimulator sickness; students with higher spatial abaitpresexperienced fewesimulator
sickness symptoms.

5. Conclusion

In this study, wetried to better understandFORs as visualization toolswhether the problem solving
environment matters, and how individual characteristics and learning experiences affect mastery. We found:

* FORs doinfluence mastery. A combination &fORs has benefitfor mastery.Thus, incorporatinglifferent
FORs into visualization tools may hejpeople work withand learn from abstracind multidimensional
information. Additionally, study outcomeare consistent the notion that thegocentricFOR supportdocal
information while the exocentric FOR highlights global informatidowever, outcomealso demonstratehat
this difference does not necessarily translate to noticeable differences in the mastery of concepts.

» People who haven’been exposed tthe egocentricview may have troubleapplying theirknowledge in an
egocentric problem solving environment. This is an importafinding for designers ofvisualization
environments because abstritnking (particularly in the scientificlomain)often requiresthe ability toadopt
the egocentric perspectiv&here arenumerous examples froeverydaylearning,researchand work when the
ability to adopt an egocentric perspectiveinsportant. Consider a few: (1) a studestruggling tounderstand
what it would be like to be in a world without graveamdfriction (something at which studendse notoriously
bad,[Halloun & Hestenes 85]); (2) medical researchdrying to imagineprocesses inside eell; and (3) an
architect trying to envision what would belike inside a buildingoased on diny architecturaimodel. Infact,
educators often find themselves struggling to teach students to see things fregodeetric perspective [Pfister
& Laws 95]. Thus, visualization tools that give people the ability to do this can be powerful.

 Individual characteristics can be helpful in explaining some of the variability in mastery. Hos@wer,of our
findings are somewhat difficult toexplain. In this studygenderwas a powerfulpredictor. Spatial ability and
domain experiencalso were relevant, but theydid not explain gender differences immastery as we had
anticipated. Additionally, the finding that more science classes led to poorer performance was somewhat puzzling.



It may be that we weren’t capturing the right aspects of spadtiity andthat ourdomain experience measures
(number of science classes, and computer usage) were too short-term to capture true domain ekpasenee.
arefurther investigatingdomain experience’sole through follow-up interviewandexamining other aspects of
spatial ability in our other studies.

» Simulator sicknesandtask timewerethe mostpowerful predictors othe learningexperiencevariables. The
more positive the learning experience, the better the learning. In this study, these factorsifier mmong the
FOR groups. This is good news - it helps rule out the possibilitydiffatences inthe FOR groupsmastery
were due to differences ithe learningexperience rathethan to the FOR group. It alsemphasizes the
importance of designing visualization tools that provide a positive learning experience.
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