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This studyexplored whether students benefited from an immersive panoramic display while
studying subject matter that issually complex and informatierich. Specifically, middle

school students learneabout ancient Egyptian art and societyngsan educational learning
game Gates of Horuswhich isbased on a simplifiethree dimensionatomputer model of an
Egyptian templeFirst, we demonstrated that the game is an effective learning tool by comparing
written posttest results from studentsho played the game and students in atreatment

control group. Next, we compared the learning results of two groups of studentssedtbe

same mechanical controls to navigate through the computer model of the temple and to interact
with its featuresOne of the groups saw the temple on a standardputer desktopnonitor

while the othetsaw itin avisually immersive display (a partial dom@&he major difference in

the test results between the two groups appeared thbeatudents gave a verbal shanwd-tell
presentatioraboutthe Temple and the facts and concepts related to it. During that exercise, the
students had no cognitive scaffolding other than the Virtual Egyptian Temple which was
projected on a wall. The student navigateugh the templeral described its major features.
Students who had used the visually immersive display volunteered notably more than those who
had used a computer monitor. The other major tests were questionnaires, which by their nature
provide a great deal of scaffoldirigr the task of recalling the required information. For these
tests we believe that this scaffolding aided
differences produced by any difference in the display. We conclude that the immersive display
provides bettesupportsfor the stident's learning activitie®r this material. To our knowledge,

this is the first formal study to show concrete evidence that visual immersion can improve

learning for a notscience topic.
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1.0 INTRODUCTION

This studyexplored whether students benefit from an immersive panoramic display while
studying subject matter wdh is vsually complex and informatierich. Specifically, middle
school students learneabout ancient Egyptian art and society using an educational learning
game Gates of Horuqsection3.3, p247), which isbased on a simplified virtual model of an
Egyptian templeFirst, we demonstrated that the game is an effective learning tool by comparing
written posttest results from students who played the game from and student itreatmoent
control group.

Figure 1. TheVirtual EgyptianTemplein the Earth Theater

Next, we compared the learning results of two groups of studentusddihe same
controls to navigate through the temple and interact witfeétires One group saw the temple
on a standardesktop computenonitorwhile the other saw it in gisually immersive displaya
partial dome) The difference appeared when each student gave a verbalasiddall
presentation of théemple and the caepts and facts related to it. Duriighe st udent

presentationshe had no cognitive scaffolding other than the virtual temple, on a small wall



projection, which the student navigated during the presentation. The other major tests were
guestionnaires, wbh by their nature provide a great deal of scaffolding for the task of recalling
the required information. For these tests we
the point where it overwhelmed the differences produced by any differetieedisplay.

We conclude that the immersive display provides bedtgportsfor the stdent's
learning activitiesfor this material. To our knowledge, this is the first formal study to show

concrete evidence that visual immersion can improve leafarregnonscience topic.

The best introduction to this study is to first read iSummary and Conclusgono
(section7.0p236).



2.0 BACKGROUND

In this chapter, we will introduce the existing theory and practice upon which we based our
study. It begins with an exploration of the concepts and practices which comprise Virtual Reality
and our own working definition of the term. Next, we survey exisdRgtechnology. Then we
discuss how applications can be made responsive to individual users and their changing needs in
the Adaptive Hypermedia section. Games are special case of adaptive media. After that, we will
go into some detail to explain the impart educational theories which inform the productive use

of virtual reality and learning applications. This provides the context for the next section, in
which we address directly the advantages and disadvantages of using Immersive Virtual Reality
for eduation. There, we survey and discuss previous studies and the implications of their
findings. Finally, we will survey the field called Virtual Heritage, the applications and practice of
using VR to recreate historical artifacts as they are or as they gkt been. Our learning

game, Gates of Horus, is an adaptive application which employs a pedagogical agent. The temple
served as the centerpiece of our learning experiments with Immersive VR. This major section

will give us the context we need to situatel amplement our study.



2.1 WHAT IS VIRTUAL REAL ITY?

Virtual Reality has existed in various forms for some time, but the term did not gain wide use
until it was popularized by William Gibson (1984). There is still no final agreement on its
precise meaning, ipart because VR is being developed and employed by several distinct
research communities, each with different goals, methods, theories and vocabularies. As VR
technology continues to advance and its cost continues to decliore, communities are
developng VR-based applications. This study will focus of two of these groups, educators and
the traditional VRresearch community. This section will describe, (1) the features of VR, which
are generally agreed upon, (2) wh® means to the traditional \\Reseach community, and (3)
whatVR means to the educational research community. Later sections of this survey will refer to
VR as the educators do and will reference the taxonomy and the core principles of VR described
here. The termimmersive VRwill be used nambiguously to refer to VR applications which

produce sensory immersion.

2.1.1 Our Working Definition of VR

This sectiondiscusseshe key aspects of virtual reality which are shared among most users and
researchers, despite crafisciplinary differences in teninology and approach.

A AVirtual Environment o (VE) is an artifi
created and maintained by appropriate computer applications. The user interacts with the VE and
may also interact with objects, agents or repredgems of other users found in the VEor
example, a flight simulator presents an illusory landsaaps which the user appears to fly
over. The act of navigating the imaginary aircraft through the VE is a way of interacting.with it
The VE may have othevirtual aircraft within it, piloted by other users or by software agents
Another examplef a Virtual Environments the online shared VR applications which support

virtual environmerd accessible via the Internet. Each user is represented by an avatar,



representatiofusually humanoid)with which they interact with the VE and with the other users
there(SecondLife, 2004; There, 2004; Dede, 2004).

The term, Virtual Reality, (VR) generally refers to using a computer to interact with a
virtual environme t . The Encycl opedia Britannica (2004
modeling and simulation to enable a person to interact with an artificiatdimessional visual
or other sensory environment. o0 More Zslpegsci f i c
often cited definition, whichmaintainst hat a VR application must hea
interaction and presenceo (Zeltzer, 1992) . Ho
continues to evolve and differentiate, as disparate i@dseammunities find new ways to use it.

We present our own working definitidar VR, whichwe state asriteria:

2.1.1.1A Three-dimensional Space The user perceives an illusory thee me nsi on al A S|
known as theVirtual Environment(VE). The VE is anillusion is composed of information
rendered into a form the user can perceiysually, the representation is visual, although many

VR applications use sound, touch, proprioception, and other senses

2.1.1.2Autonomy: The virtual environment (VE) persists and changéh or without a user
present. Part of thilusion of temporal coherence is caused by the way in w¥iithal objects
and actors respond to the user; tdeyelopin a manner consistent with their purpose and with

the overall theme of the environmeRtr example, the NICE project (Roussos 1999) is based on

a shared children' s #fvithetcarrat$ corgirauotgr@avrwbetherlareyr e , f
chidrenareo pr esenm®t . Each time a child Avisitso t
slhewi | | AseedO the carrots in some state resu

Apl anted, 6 the (virtwual) growing conditions a

the garden.

2.1.1.3Interaction The user interacts with the virtual environmenaimeaningful way (Zeltzer
1992). In many VR applications, the central interaction is the ability of the user to navigate
though the VE, thus appearing to travel in the virtual spadegher degree of interaction gives

the user some means of influencihg elements in the VE, whether it is simply moving objects

or interacting with an intelligent computgre ner at ed agent or wi.th anc
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Central to interaction is the relationship between objects in the VE and the user's viewpoint. In a
first person viewthe user is embodiad the viewpoint, as it moves though the environmbna
third-person viewthe user is represented or embodied by an avatar, usually a humanoid figure
The user navigates by moving the avatar while the viewp@ioks it some algorithm (Sheridan
1992) I n a -in-mioiatdredview, everything in the VE appears within the user's view, and
the user manipulates the VE, usually by rotating it, while the viewpoint (apparently) remains
stationary Many variations on tlee themes exist, as well as entirely different navigation

schema.

2.1.1.4 (Thematic) PresenceThe interface informs the senses so that theiiiser eds & sbhe

is in a particular location within the virtual environment (Zeltzer 1992). Perspective correction

aad ot her aspects of a egoceniegnhichdsit el aapedédbi hect
the virtual environment (Psotka 1998he display must produce at least a very wide view for

the usersuch as those provided bydigital partialdome theate(e.g. a Planetarium) ortdead

Mounted DisplayHMD). Seesection2.3, pl7, for examples.

2.1.1.5(Sensory) Presenc&his is thefeeling ofbeing theran the virtual world (VE), the sems

that the VE is your environment, rather than the real worlgerhaps in addition to.itWhen

Zeltzer (1992) first published his three requirements, he emphasized the sense of presence that
comes from sensory immersion. Sensory immersion depends oicgilyysreating the illusion

of a virtual space with a combination of sensory effects, most commonly based on imagery. The
use of sound is also common, and there are established technologies for adding physical motion
cues, haptic feedback and even olfagtmput (Stanney, 2002). Presence is typically measured
with introspective questions for the user (Witmer, 1998b; Lessiter, 2001; Slater, 1999; Pausch,
1997; Darken, 1999b).

In the following discussion, we will call applications satisfying all five cidte
Immersive Virtual Reality(Immersive VR) and those which satisfy only the first four criteria,
Desktop Virtual Reality(Desktop VR). We retairVirtual Reality (VR) as a general term
referring to both.



212 The VR Research Communityoés Definition of

Memkbers of the mainstream VR research community usually aslhekfeo s el vy t o Zel t z e
definition of VR iflaut onomy, i nteraction, and (sensory
implicitly add that any respectable VR display must be capable of stereograpgicg.

Most researchers in this community are concerned with VR technology and its
applications. Most are computer scientists and many of the rest are electrical engineers,
interaction designers or experts in ergonomics. There are also a few resdavanelisciplines
representing current or intended user communities for VR applications. It is very common for
members of this community to combine expertise from several of theseRiesgsrchers in this
groupreceive much of their funding directly ardirectly from the American militarytheir most
common use of VR remains training and simulation for pilots, navigators and soldiers. Other
funding comes from medical applications, education, geology, entertainment, archeology,
geographic information systins and humanomputer interaction. In Europe, there is significant
funding for applications in cultural heritage and historical preservagextion2.7, p76).

The coreof the traditional VR research communitys primarily concerned with the
physical interfaces for VR and fihgpsychological and ergonomgffects This leads them to
stress the immersive aspects of VR and the fidelity and cohesiveness of. theyd@tl example
is Kay Stanneyos Handbook of W iher tbaok bulk & nthei r o n me
introductory chapter and most of the other chapters are devoted to topics directly related to
building functional Immersive VR interfaces and using them propéybplications arealso
explored, but not in the same depth.

For the foreseeable future, the research agenda of this community will remain important,
useful and in many ways central. However, they appear to have lost control of the meaning of the
t e r mo, hedarse they agreatly outnumbered byser communities whemploya broader
definition of VR.



213 Educatorsodé Descriptions of VR

Educators and other user communities regard VR as any application which maintains a persistent
virtual environment (autonomynd within whichuses interact with each other, or objects, or
independent agents T¢® communities placauch less emphasis on the nature of the interface.
For example, texbnly MUD systems are regarded as a form of VR, as well as many desktop VR
applications

Because a welr range of applications are includ
requires modifying Zeltzerods (1992) definitio
the engagement of attention is emphasized in a way that centers on a single refen¢meehgoi
virtual environment, the usersgocenter(Psotka, 1996). All of the user's spatial interactions
with and within the VE are relative to the wus

Presence then becomes a special case of engagement, which describes the degree to
whichthe user devotes his or her attentional resources to some activity within a VR environment.
Many argu¢g¢ hat t he more engaged s/ he is with some
presencé certainly, introspective questions of presence will yielghbr scores in this case.
Converselyit may ke that an increased sense of presence, perhaps from sensory immersion, will
enhance the user's sense of engagement in the task(s) ceatgrtaularVR application. To
avoid a circular definition, let usag that presence is a particular type of engagement. Our
definition of presence then becomesychological presence which requires that the VR
application has a defined egocenter for the user and that it successfully engages the user's
attention.

Underedec at or s6 broader definition of VR, mo st
three groups:

e Text-Only The MUD (Multi-User Dungeon) support teghly interaction with the

virtual environment and between the usdit/Ds have existed for nearly twenty ysar

before the term VR was coined, but researchers who use MUDs now regularly refer to

them as virtual worlds and to the MUDs as a form of virtual reality. Few are solitary,

most support very large communities of users (Bruckman, 2002a).



e Desktop With Deskt@ VR, the user interacts with a persistent autonomous virtual
environment using a standard computer monitor, keyboard and mouse. Applications can
be solitary or support a large community of users (SecondLife, 2004; There, 2004; Dede,
2004; Cobb, 2002; Ragh 1997) See sectio2.3.9 p29, for more detall.

¢ Immersive These applications attempt to enlarge a VR environment beyond the scale of
a computer monitor tanore fully engage thes e rsenges, especially by improving the
visual interfacelmmersive VR applicationssually use &lead Mounted Display (HMD)
or a CAVElike display in which several screens are used to simulate 3 dimensions.
(Winn, 2003b; Jackson, 200ome of them ats attempt to engage such other human

capacities as hearingahdh e vi ewer 6s tactile sense.

This expanded definition appears to be stable and does not hinder educators who wish to
experiment with Immersive VR. However, it raises questiabsut how the tradional VR

research community, for whom the only VR is Immersive, references these other applications.
They often rely heavily on the term AVirtual
Stanney's booliandbook of Virtual Environmen{S$tanney, 2002 The book itself gives the

best overview of VR research up to that time. To achieve its breadth, thenbhales articles

about importantnoh mmer si ve VR applications. Accordingl
Environment so noot wihMicrht ucad-weierebeeldppticgsors. Staoney
stretches the term AVirtual Environment, 0 bec
environmentsWe see no harm in this extension of the definition of VE, especially if the authors

define the term within their context.

2.1.4 Augmented Reality

Also worthy of mention is VR's close cousin, Augmented Reality (AR), which is the practice of

using VR techniques to enhance a physical space (Papagiannakis, 2004a, 2004b; Ruiz, 2002;
Sinclair, 2001; Adison, 2002). For example, AR Quake (Piekarski, 2002), of=exvethe real

world through special glasses. Animated autonomous agents are added to the user's view by
having the computer Apainto the appr agents at e i
interact with each other, the terrain and wi:i



(Oppermann, 1999; Baber, 2001), the user hears a topical narrative when s/he nears a point of
interest in a museum. The narratives change adaptivgdgndeng on who the user is and what

s/he has seepreviously It could be said that there is a continuum of possible applications
between pure reality and a true virtual environment, with the #argmented Realityicluding

everythingin between.
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2.2 VRIS EXPRESSIVE

Virtual Reality provides the educator with new ways to represent many objects and systems more
effectively than with other media. For example, the VR user can interact with simulations of
objectsthat cannot be perceived in the real world (Ross$999) because they are too small, too

big, dangerous, far away, no longer exist, do not existoyedre simply inconvenient. Students

can make mistakes in a virtual environment safely and cheaply, which allows for learning
activities not possible irthe real world. A virtual environment can also simulate dynamic
systems such as ocean currents, planetary motions, changes in electrostatic fields, or social
behavior in a troop of gorillas. These simulations become especially powerful teaching tools
whenthe student can participate in them, giving the student an inside view (egocentric) and the
ability to experiment with the system (Winn, 1999; Bowman, 1999; Dede, 1999)

VR theorists often use the concept of dimensions or dimensionality to describe er defin
virtual environments and user interaction with them (Benedikt 1991, Wexelblat 1991, Bowman
2002). The most helpful dimensional taxonomies depend on the context for their intended use.
Accordingly, the following taxonomy supports later discussion (in stusly) of how different
VR applications represent information and receive and respamktdanput. The purpose of this
section is to help the reader understand and classify educational applications based on VR by
providingparadigmgo describe:

1. The avdable dimensions in a VR interface: width, height, depth, time, sound, touch,
proprioception, and taste/smell.

2. Dimensions to classify information:onedimensional, twedimensional, three
dimensional, multdimensional, temporal, tree and network. Thisaapted from

Schneiderman's (1996) Task by Type Taxonomy.
3. Ways to map the information to the display, with examples of common usage.

This taxonomy emphasizes how the user receives information from the display. For a detailed

taxonomy on interaction, s&owman (2002).

11



2.2.1 Dimensions oflInformation

In Schneiderman's (1996)jask by Type Taxonomy he | i sts a series

ostensibly representing a type of information. Each data type is described along with its most

appropriate vehicleFor exampg, twodimensonal information includes maps and imagéke

following is a somewhanodifiedlist of Schneiderman's data types.

One Dimensional Text, including font, color, anthetainformationlike author or date
Anything that comes in a linear ordesych as a list of names or cleshon a rack
organized by size. At this level of abstraction, sound can be considered one dimensional.
In reality, sound contains nmg dimensions within it, just as coloods, but this overview

will not addresshat levelof detail.

Two Dimensionat Planar or map data include geographic maps, floor piarages,or

newspaper layouts.

Three-dimensionat Molecules, architecturéhe human body, machine inner workings,

etc

Temporal: Timelines, project schedules, fictidnar historical narratives, etdJsers

often querythe temporal ordering and grouping of things
Multi -Dimensionat N-dimensional data, usually stored in a relational database.
Tree: Hierarchical information.

Network: There are many types of networksimarily acyclic, lattice, rootedunrooted,
and entityrelationship diagrams Visualizing this type of information is useful for
determining relationships, identifying cycles and finding short paths between points in

the network.

12
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2.2.2 Dimensionsof Expressian

These dimensions refer to the way in which the user experiences the virtual environment, which

is why the first four and the remaining items can appear on the same list. The level of granularity

in this list is arbitraryformulatedto suit the level othis discussion. For a much more detailed

taxonomy of the senses, see Spring (1992).

1.

Width : Horizontal length with respect to the user's view.

. Height: Vertical length.

Depth: Distance away from the user's viewpoint.
Color: The color(s) of objects withithe environment.

Time: The temporal aspect of a user's interaction with some person, place or thing in the

virtual environment.

Sound This can range from mopbonic sound from a computer speaker to fully

spatialized sound.

Touch: Al so knownc afse efdhbaapctk , 0 o r siniufatedability tof e e d b a
touch a virtual object. The user manipulates some physical device, such as a special glove
or stylus, which creates the sensation of touch when the device's analog in the virtual

environment encauers an object.

Proprioception: The sense of orientation or movement sensed through the vestibular

system, visual system and sense of touch.

Taste: We are not aware of any VR displays which employ this sense.

10.Smell: Some VR displays to release odors iasaled by the VR software.

In this section we will present ways in which information can be mapped to aspects of the

computer display. We categorize these aspects by the number and type of dimensions by which

they can convey or represent information. fimast important dimensions readily visible in any

13



each sensory mode are called Adominant, 0 an
expected to experience or think about the display. The discussion is also weighed towards
display rather than intaction. For a detailed taxonomy interaction, we recommend Bowman
(2002). While the discussion is intended for VR displays, others are included for context.

2.2.3 One Dimensional Formas:

There is no immersive, one dimensional display but static text is threshesgpproximation
narrative fiction, for example. Static text requires that either height or width be dominant (height
for Asian languages and width for most others) and but allows sontebation from other
dimensiond just enough to lbw the lettersand characters to be readable. Color, font, point
size and so onare all subordinateo height or width in this casén reality, the typical page of

text is a two dimensional presentation and its lay@ut lsave an importanbfluenceon the
viewer. Newertheless, the user's attention primarily moves along one dimension, from one word

to the next.

2.2.4 Two DimensionalFormats:

Most applications of the familiar print and electronic media aredim@nsional.

1. One of the most common applicationstbé two dimensgonal display includes maps,
images, static web pages, maps, floor plans, newspaper layouts, etc. This would include
many forms of Schnei dea graphed 'scheduieT(RERP charg | 6 d
GANT chart, etc.) for example. The dominant dimensions aghhand width.

2. Soundonly presentations belong to this category as well, because they have two

dominant dimensionsime and sound.

3. A popular two dimensional display isthe texn |l y fAchat o i nterface,
user to interact in real time withtheer users by reading and typing text. Here, the two
dominant dimensions are width and time. If Asian characters are used in a vertical

display, those would be height and time.
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2.2.5

AlMUDsuseatebhased fchato interface @aondentmmai nt a

and social interactions. The virtual environment and the actions of the actors within it are
Adi spl ayedod as owever somd schdlasncamtahpttaiM/b mapsH
many dimensions into the one dimensional -texist often arguing tha¥lUDs exist in

width and time.

Static threadimensional images can be projected onto the two dimensional surface, as
with a photograph, painting or drawing. In these cases, depth has to be included as a
subordinatedimension, indicai@ by perspective, ocakion and shading effects. There is
actually a spectrum of displays between two and three dimensions, so a good photograph
may well be considered 2.5 dimensionaldisplay. Though height and width are
dominant with these representations, depth can be stegigand color can be indicated,

though rarely faithfully reproduced.

Three Dimensional Formas

Static images of molecules, architecture, the human body, machine inner workings, etc.,
when shown with a volumetric display. Most volumetric displays use ogtsite to

display depth information.

A threedimensional displayan be mimickedn a dynamic twedimensional display,

such as a computer monitor by introducing factors such as user viewpoint motion, the
motion of objects in the environment or both. Freddks (2004) states that the recovery

of form from motion is stronger than stereopsis. A way to get efepth-motion is to

add headracked perspective correction, so the viewer's own motion contributes. These

displays provide indications of height, widithd depth.

Interactive silent applications which employ a #dimensional interface but show
change over time. Examples include a lavgeety of games (i.e. Pac Man) and some
virtual communities (i e . Randy F ar These applicatiohbaempldyemht,, 0 )
width, and time.
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4. A silent movie. Height, width, and time are predomin#mughdepthcan be implied as

a minor dimension.

2.2.6 Four Dimensional Formats

1. Interactive multimedia applications where the dominant dimensions are height, width,
time and soudh.
2. Silent, interactive VR applications using a thodmensional display. Height, width,

depth and time.

2.2.6.1Five DimensionalFormats

1. Interactive VR with spatialized sound, or a typical motdeight, width, depth, time and

sound.

From the forgoing examples,is clear that the basic idea of mapping the dimensions of the data
to dimensions of the display is fairly straightforward. However, the science of it (data
visualization) and the art of it (information design) is very complex and beyond the scope of thi
study. This is especially true for data which hasamydimensions or which cannot be defined
in terms of dimensions (i.e. tree or network), bar onlybe displayed using a limited number of

dimensions.
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23 VR TECHNOLOGY

Recent trends in the technolegiwhich can be used for VR applications have opened up many

new possibilitiesThe following sections provide an overview of these possibilities.

2.3.1 Informative 3D Models

Scientists engineers, archaeologists, and many other professionals increasinglyrese th
dimensional models to represent information and interact with it. While the majority of
applications which employ 3D models do not qualify as DesktopVR, maliyedtion2.1, p4).

They range fronsimple and eleganto rich in complexity and informationA model may be
created by human artists as an original work or as a virtualization of something that already
exists in the physical worlliSome 3D models could also be a visuadtion of some stream of

datg such as the fluid dynamics of a cloud frcart abstract repsentation of the stock market,

or the result of a CAT scahkigure 2, below, is a good example of a useful model.

Figure 2. Schematic of the Gre&yramid(Kufu, 2004)

Most of the simple8D models are written ithe oldVRML programming language t 6 s
probable successor X3D (Web3B006 or one of many lessd&nown alternativesModels of
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this type areeasy to producandcan bemade part o& webbased applicatiarFor examplean
object in a VRMI:-based virtual world can hawestandard hyperlink associated withsiv that
clicking on the object in a virtual world mightsplaya web page in ather frameon the same
page(Jacobson1998h). More complex models are usually built with advanced commercial tools
such as Maya or 3iStudio Maxx (Autodesk2006).

Figure 3. An Ancient Roman Kitchen (Capasso 2004).

VRML and X3D support simple animationghich canbe compelling in the hands of an
imaginative designeiOn the other hand, tools such as Maxx and Maya support very complex
animations which can provide greatievels of detail and subtletyThe most sophisticated
examples include comput@nimated movies such as Final Fantasy (FinalFanf23§1) and
interactive video games, such as Doom (Id_Softy2084) or Unreal Tournament (EpicGames
2007).

Finally, authoring tools are available for conterg¢ation h the moe advanced video
games,and they take input from the professional authoring tools. Some of them, like Unreal

Tournament 2004, are partially opsource, allowing for extensive reprogrammingeafsting
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games and creation of new content by members of thielipEpicGames, 2004; Id_Software,
2004).

2.3.2 Advancing Graphics Technology

Detailed threadimensional computer graphics require a great deal of computing power,
especially if they are dynamic or interactivEypically, the application must produce thirty
visual frames per second to produce convinamogement through the virtual spaes recently

as the late 990s, high quality computer graphics requiregimputers which were powerful,
specializedand very expensive.

Today, advanced graphics hardware isilable to the mass market through new video
cards (nVidia 2007; ATI 2007; Lewis 2002) for standard home computers and gpepase
game computers, called playstations.(iXbox, PS2 and othersBecause of this, thgame
industry has grownlarger tha the movie industrypy every measurand shows no sign of
slowing down its drive towardsverfaster homecomputer graphic$\early everyone involved
in computer graphics has taken advantaigbe game industry spinoff technologies.

The efficiency of anighly optimized game engine can be ten to one hundred times greater
than generapurpose graphics software. However, hpgrformance graphics engines (game
engines) are always highly optimized and often quite specialized. For any particular game
engine,some features are trivially eaky employ in a VR applicatigrwhile other featuregan
be harnessed bwith specialized knowledgand good programming support. Stthers are
simply unavailable. The key for VR application development using these ¢gsaphgines is
careful advance study to choose the right one and a willingness to expend the effort to learn the
chosen engine wellFigure 4, below, shows a movie rendered using theesat graphic
technologyFigure5, below, shows a scene from one of the most advanced computer games.
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Figure 5. UT2007 (EpicGames 2007)
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Because ofhe technical challengesmany authors of Virtual Reality applications still use
traditional VR authoring packages (VirtopR007 VR-Juggler 2007) or write everything from
scratch. Tlse approaches provide complete flexibility for the author/programmer, but require a
great deal of time and effotb achieve basic effect$urthermore, the resulting graphics are
significantly inferior to those generated by the game enghesordingly,a small but growing

number of VR authors are using game engines for their applications (Lewis 2002).
2.3.3 Flight Simulators

The modern history of Virtual Re al ,ian aytifickale g an i
aircraft cockpit with video screenmst ead of wi nflies?vs ovdmheaptcbmpu
generated landscape using controls which simulate the action of real controls (ElliSM£291).
simulatorsare mounted on mechanized platforms which tilt and roll to simulate the motion of a

real aicrat cockpit. The experience is real enough to justify these délmas history and wide

use for pilot training. Recently, simulators have been used in such disparate fields as truck
driving, tugboat piloting, and mining equipment opévatto provide baic training on the use of

heavy equipment.

Figure 6. Exterior (left) and interior (right) of a flight simulator (Simlabs 2006)
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2.3.4 Head-Mounted Displays

In real life, the left eye sees a slightly different view of the world thanright eye, simply
because they are separated by a few inchesbiEe exploits this difference faroduce a strong
visual cue for depth at near distances, an effect caliectopsisA Head Mountd Display
(HMD) can simulate it for a virtual world biyolding asmall video screen in front of each eye
Each screen showvessimilarview of the virtual world, but the viewpoint for each screeofiset
a small distance in the virtual environment, creasitegeopsidor the user.

In theHMD, both images cinge based on where the viewer is looking. Coordinated with
a device for tracking the viewer's head movements, the software driving the displays on the
HMD's screens determia¢he direction and location of each of the viewer's eyes in the virtual
environment. For example, if the application begins by showing the viewer a scene, and the
viewer turns his or her head slowly to the left, the sthaeviewersees in the HMD changes in
just the same way a real one would. With proper calibration, the HMD crérsgeusion that
the user is entirely within the virtual world, and can see different views of that world by looking

in different directions.

Figure 7. Two HMDs (left) from Cybermind (2006) and (right) from Virtual Realit{2806)

Generally, HMDs are the least expensive of tlassic stereoscopic displaysopular
amongVR users.However, the HMD rarely offers a wide field of view, usually showing less
than thirty degrees in the horizontal dimensibime user can turn h her head to see more, but
effectively has tunnevision in the virtual worldWhile this is less restrictive than it may sound,
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it is areal limitation. Another disadvantage of the HMD is that it cuts the viewer off from
everything not mediated by theoroputer and makeslirect visual persofio-person social
interaction impossible. We mistrust devices which subtract from the human experience so
sharpy. Perhaps that is whiyigure 7, above is disturbing. Thananon the leftlooksas if some
boneless sea creature is gripping his facelthe manon the rightiooks like his isa menacing

cyborg.

2.3.5 Flat-Screen ProjectionBased Immersive Displays

Around 1991at the University of Chicago, 8din and DeFanti developed the "CAVHan
immersive electronic display, which operates on the same general principle as the cyclorama
(CruzNiera 1993). A single viewer stands in the center of a partial cube, where each wall is a
rearprojected screen, efttively a very large computer monitor. The image on each screen is
part of a larger panorama. If the image on each screen has the proper perspective correction, all
the images together appear to the viewer as a single contiguous landsactqe VR reseah
community,the acronym "CAVE" has evolved into the general tarave,in the VR community

to refer to any multiscreen enclosure with similar properties

Figure 8. User in the SASCube, exploring a virtual nightclub (ALTERNEDO05).
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The CAVE supports a stereographic view for the usempkmjecing both the right and
left-eye views onto the screens at the same time. The viewes sgacial glasses, which filter
the images sthateach eyaeceivesonly the image it should. Ehlens over the left eye blocks
the image intended for the right eye but lets thedgét image through.he righteye lens does
the opposite, and the final result is a single stereographic Wavihermore, an electronic
tracking device makes the computaware of where the user's head is locatedhatt can
adjust the perspective on all screas the user moveshis preserves the illusion while allowing

the viewer to look around and walk around in the CAVE.

Figure 9. The Virtual Theater (Jacobson 2005c)

While stereoscopic caves remain expensive, those which pradnoaoscopic (normal)
video image have become much cheaper recently (Pape, 2002; Jacobson, 2001, 2005i; Blake,
2003 PublicVR 2008. Though they do not prest the optimal display, nonetheless they can be

very useful and cosgffective (PublicVR 2008), especially for applications where the objects of
interest are some (virtual) distance from the user. In real life, the stereographic effect diminishes

with disgance.
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2.3.6 Digital Dome Displays

Digital dome displays evolved from conventional planatarid offer an impressive degree of
visual immersion, without stereog&dtracking or any other special equipmeihe curved
screen eliminates seams and minimizes geatsve distortionsas the user moves his or her
viewpoint Most installations are large, allowing many viewers at one tikeeently, there has
been an effort in the technical community to provide interactive content for these displays
(Elumens, 2001; Emenati, 208). The cost of building these displays hdecreased, and
softwaremakers are providing an evetdeningrange of contengjeneration tools which can be
used in them (Softimage, 2001; Multigen, 2001; Web3D, 2004; DomeUT 2006).

Figure 10. Dome display at Digital Life (2006) courtesy of the Elumenati (2008)
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2.3.7 Direct Retinal Imagers

These devices employ a very lamtensity laser which literally draws an image directly on the

retina of the viewer's eyén this way, thelaser uses the retina exactly like a projection screen
(Schowengerdt, 2006). A retinal imagkoks like asimple headset or glasses with some
attached machinerpne or two small devices point at a small mirror in front of the user's eye. In
practice, tley are able to produce a simple image in a small area of the user's field of view, but

the resolution is low and is nothing like a panoramic view. However, a retinal imager is excellent

for applications where the user needs to see information superimposead or her field of

Vi ew. For exampl e, a mechanic working on a |
internals superimposed on his view of the real engdiiey are alsaised in certain medical

devices.

2.3.8 Interaction Devices

A crucial dimensiorof VR is how the useemployscontrol devices to interact with the virtual
environment. VR and VHke applications can be driven using thieple keyboaréandmouse
interface, or widely available game controllers like joysticks, gamepads. Howeverdii®iral
VR applications use more advanced devices which give the user a more direct feeling of
interaction with the virtual world and the things in it. For a good taxonomy of these devices and
how they can be used, see Bowman (200&).present two exangs.

Some advared applications use a kind wiand or control sticklike the ae shown in
Figure 11, below. (Thereis no established term for these.) The wamhtains amagnetic
tracking device which allows the computer to know its location and orientation in space. The
programmer then maps movements of the wand into effects in the VR application. For example,
the user could poirthe wand in the direction of sonodjectin the virtual environment. Then,
the user could press a button to capture or "grab” the object. In our example, the user could then
move the captured object in space by moving the tradkesry movement of the tracker is

imitated by the captured objedtheuserwould release the object by releasing the button.
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Figure 11. 1S-900 MiniTrax Wand Tracker (Intersense 2006)

Anotherclassic VR interface device is a special glove which not only has a location and
orientation trackr, but can read the posture of each finger on the bseri=igure12, below. In
some applications, @omputer graphianage of a hand in the virtual environment shasl all of
the motions of the real user's hafdhe virtual hand can touch an object, grab it and move it
around. In some gloves, actuators in thside of theglove squeeze the inside of the user's
fingers, gently, in the places where the virtual hanughing the virtual objeciThe effect is
the illusion of feeling the virtual objectmportantly, the glove also enables the user to give

commands to the computer by making specific gestures.
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Figure 12. CyberGlove (Metamotio 2006).

Thereare several types atylus, perike devices, one holds like a peil or scalpel. It is
attached to motors and sensors which allow the computer to know where the stylus is in space
and where it is poiet] just like the glove. However, th@ccuracy can be very great and a
motorized stylus can really push back when the user encounters a virtual obstacle or substance
giving a pointsense of touclStyli are usedn surgical simulations, good for training doctors in
delicate surgery withoutsk to patients and without the limitations of cadavers.

Finally, a wide range of interface products use optical trackesst of whichdetermine
where some special marker object is located simply by looking at it through dedicated cameras.
For examplea dancer can wear a ftlbdy suit with lights on every joint and some other spots.

A good visual motion trackingystem can observe the lights as the dancer moves and record
their relative motion in 3D spad®Velch, 2002) Then, the recording, or reime data stream,

can be used to move some avatar or agent in a vistordl. Some very advanced systems can
track a whole person without the needrmarkergOrganicMotion, 2008)The same systems are

use to capture human motions to produce -Hggality 3D animations.
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2.3.9 Online Communities

Massively multiple online communities (MMP are becoming increasingly important in
education(Dede 2004) In an MMO, a large number of participants use DesktopVR on their

home computers to join a shared virtual envinent, a 3D computer graphic world they access

over the Internet. Each person controls -® 3nodel oravatar, usually humanoid, which
represents the player in virtual world. A win

t hat avat asr 6tshevipelwgy earnéds imai n viewpoint to the

F - —'/ : e \ -—____\ —
“ ) i ot : N g

Figure 13. An avatar in Second Life conversing with the user.

Figure 13, above shows a view thathe user might see when conversing with a
female avatar in the foregrounéctual conversation in MMOs can be typed text (online
chat) or voice, enhanced by the visual context. Context includes the appearance of the
environment and the interaction rules wainigovern it, as well as the locations of the avatars
and objects within it. Combined with body language, facial expressions, social motion, and

location in a complex space, participants in the MMO can have a rich way to communicate.

29



In recent years, gen& purpose MMOs, such as Second Life (2008) and There
(2007?), have attracted great attention from the general public and the mainstream media.
Maj or corporations are setting up fAareaso fo
organizations are hawg virtual meetings thereAdvertising in Second Life is becoming
ubiquitous. All of these changes have been difficult for the Second Life community to
digest, leading to some conflict. That conflict and the difficulty of upgrading to more
current compute graphics software pose a significant challenge to the survival of this
particular enterprise. Nevertheless, this paradigm of interaction will continue to evolve and

become increasingly important in human social communication.

Figure 14. Player avatars in World of Warcraft, a popular MMORPG

The technology for online virtual communities began as games, and the best technology
and the majority of the users continue to employ the technology for-gEpeMMORPG is an
acronym for"Massively Multiple Online Roleplaying Game w haefictienal theme imposed
upon the players and the environment, such as medigwvabpeanfolklore or Star Trek. See

Figurel14, above The avatars comi@ato the environment witparticular taits appropriate to the
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milieu and are usually called characters. Game goals batyisually involve gathering treasure
and power, fighting wars or solving mysteries. MMORPGs have reached a widstreem
audierte, becoming a very large busineBkere are actually real people making real money by
playing these games to build up characters to a desirable level of ability, which they then sell to
new players. Other users ayafters players who mie objects for other players to enjoy at a
real and/or virtual price.

We predict that visual ansensory display will become more important in MMORPGs
and their successorSoon, immersive virtual reality and the massively multiple online games

will merge giving users a wide range of displays from which to choose.

2.3.10 Augmented Reality

A close cousin to VR, Augmented Reality (AR) is the practice of using VR techniques to
enhance a real, physical, space (Papagiannakis, 2004a, 2004b; Ruiz, 2002; Sinclair, 2001,
Addison, 2002).For example, AR Quake (Piekarski, 2002) has the user look at the world
through special glasses. Animated autonomous agents are added to the user's view by having the
computer Apainto the appropri at¥edgens qeracy ont c
with each other, the terrain and the wuser. w
1999; Baber, 2001) the user hears a topical narrative agroachinga point of interest in a

museum. The narratives change, adaptivelgpedding on who the user is and wh# usehas

seen beforelt could be said that there is a continuum of possible applicaftionspure reality

toafully vi rtual environment, with the term AAugnm

between.
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2.4  ADAPTIVE HYPERMEDIA

An interactive device is said to be adaptive if it automatically changes its appearance and/or
behavior to better suit the user's needs and ghalgeat dal of research has been devoted to
adaptive hypermedia, (Brusilovsky, 2001, 2004ypétrmedia applications are widespread and
important (e.g. the World Wide Web). Many hypermedia applications are used by people who
differ in ways that have an effect on the application's usefulness. This is especially true for
educational applications, leacse student demographics can vary widely and a students' prior
knowledge has decisiveeffect on any learning activity (Bloom, 1956).

Most of the Virtual Heritage applications described in sec@id@np76, are part of some
larger webbased hypermedia applicatiodnfortunately few of them have any capability to
adapt to the user's particular actions or needs (Kameas, 2000). Even so, adaptive methods have
been applied successfullp other educational media. The addition of adaptivity to Virtual
Heritage applications is an important and useful step for VH developers. Techniques from
adaptive hypermedia (AH) have been proven to be effective, and are therefore not difficult to
implement.

A significant portion of the adaptive hypermedia research is aimed at educational
applications (Brusilovsky, 2003c; Cristea, 2004; Garzotto, 2004). Many of these applications use
a Desktop VR interface, make adaptive changes to the 3D virtual emandntself (Chittaro,

2003, 2004) or influence user navigation (Hughes, 2002). Finally, there are hypermedia
applications which use adaptive narratives to augment a real, physical space, (Oppermann, 1999;
Specht, 1999b; Not, 1998a, 1998b; Sinclair, 200@ich is a form of augmented reality (Baber,
2001).
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2.4.1 UserModeling

The behavior of an adaptive device is usually governed by some implicit or explicit model of the
user. Researchers in Artificial Intelligence (Al) developed many of the formal methodseior
modeling and information accessing tasks, such as dialog systems (Chin, 1989; Johansson, 2002)
and webnavigation systems (Levy, 2000; Weber, 2001). Tiser model is developed from
information about the user which the program is able to gatheresr(Bifusilovsky, 2001, 2004;

Torre, 2001; Bra, 2000). There are several ways to gatitéor infer that information.

The simplest is for the instructor or operator to provide information about the user to the
program before startup or for the programghk tne user for the information it neettsa formal
educational setting, a questionnaire may be approptieever, many users outside of the
classroom will only tolerate a few questions

A more sophisticated method is to obsetiwe past behavioof a particular userThe
program can record usage behavior as an important clue to the user's goals and preferences. For
example, many automated online retailers makeanigugecommendations to the udmsed on
his or her previous purchaseslternatively, gplications can keep a history of the points of
interest (physical or virtual) that the user has visited and adjust its behavior to match. The
application can alsacorporate information abothe tasks the user must perform to achieve his
or her goals. fien, the application can attempt to asfistuser by adapting in ways that make
the user's tasks easier (Garlatti, 1999).

Based on thenformationgathered, a hypermedia application can infer a greatatheait
the userby matching that information with preexisting database of user stereotypes (Rich,
1989) For adaptive hypermedia, a stereotype is a set of facts about a hypothetical user who
belongs to some demographic group. Key facts identify a user as probably matching some
stereotype. For exampla,forty-yearold college educated person is likely to ask for a different
explanation of what a giraffe,ithan the typical skyear old.Information gathered during the
use of the software can refine the stereotype, either generally or with respeatuorémt user.

Several studies feature learner stereotypes based on different learning styles (Danielson,
1997; Mammar, 2002; Kim K, 1999; Bruen, 2002; Carver, 1999). With stereotyping, a great deal
of information can be inferred quickl{However, none foit is certain, so it is best for the

application to keep track of inferred facts and change some measure of each one's validity based
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on supporting or countavidence. A practical example is SETA, an application which helps
retailers to tailor their ome stores to specific user stereotypes (Ardissono, 1999).

Another way to gather informationabout the user is through collaborative
recommendation (Balabanovic, 1997). Actual users of the application are grouped by stereotype,
behavior, or in some otheray. They are then asked for recommendatiatéch are evaluated
partially on the basis of stated or observed preferences of individual members of that group.

Though stereotyping has proved to be useful, it is never completely accurate and can
sometimes benisleading. Also, the stereotype groups can overlap considerably making the rules

of determining which is appropriate for a particular wpgite complex

2.4.2 Methods of Adaptation

The term Ahyper medi ao us ua hwhchan iefbmeatios spaceis c o mp u
rendered into discrete portigish e user navigates this divided s
one portion to another though some binltmechanism. The most common theseis the
hyperlink, (e.g. a URL on the Web) although more adednmechanisms are common,
including searchby-query, magbased navigation, and the traversal of some ttiirensional
visualization. Regardless of the mechanism, the undenpingipleis that the user is navigating
through a predefineihformation spae. In the Adaptive Hypermedia literature, the value of
adaptation is generally regarded as posititeis Iseen as a method gtiiding the user in
navigating the information space by changing, helping or hindering the user to navigate in some
informationaldirections and not others.

One of the simplest ways to make hypertext adaptive is to change the links. Since
hypertext is connected by links, changing links redefines navigation in the information space.
This should only be done with great care, bectluseiser is likely to have already built at least a
parti al ment al map of the information space b
has encounteregthen first entering a particular VR applicatidhit is decided that the linking
structurecan be altered within an application, it is generaltyre acceptable to usdosadd links
rather than to remove them. For example, an adaptive labeling application, like ILEX (Cox,
1999), will simply display more of an information module to the userdeduces that s/he is

ready for nore detaiéd levels of information
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Another adaptation is to change the appearance of the display. The change can emphasize
some information and/or links and deemphasize otfiérs.adaptive mechanism can be simple,
like reordering menus or highlighting certain items within a Mare advanced applications
have also been developedtor example, KnowledgeSea (Brusilovsky, 2002) has a large number
of links attached to an abstract magelectedubject area. Regions withthis area can change
color, depending on the number of visitors and other facdmrsther example, iGates of Horus
(section3.3, p98) our own learning game. When the cursorvygroan active object, it changes
color, indicating that the student can select it to trigger an action.

Advanced hypermedia may use more sophisticated adaptation methods, soctplex
rules o determine the appearance and behavior of the interface (®898; Brusilovsky, 2004).

The adaptive media application may also change its rules to accommodate the user either before
or during a particular (usually user initiated) operation.

Recently, there has been interest in rataptation, where higherder ules determine
which more specific and Al ower | evel 06 adaptiywv
(2003a) did a pogtoc analysis of three previous AH experiments, which shawedistakably
that different students needed different kinds opart in learning media. He found that
students new to some material neededreatgdealof guidance, preferring to stay on some
predetermined path which navigated through the subject matter presented within the application.
Other students, who possessedgni f i cant prior knowl edge, ten
information space a lot more, interrogating the interface for specific pieces of knowledge.
Brusilovsky (2003a) and Assis (200dinphasizethe importance of this problem and suggest
certainmetaul es whi ch can be used to design an appl
depending omqmeasures hich attempt to assgthe level ofthe students' prior knowledge. Torre
(2001) describes a framework for user modeling which could be used in dymahéting.

In the strategies described above, the user is not directly notified that changes are made to
a particular applicationds interface. |l ndeed
changes have occurred all. However, there are otherat&gies which depend on the user being
awarethat adaptations occur while the user is engaged with the application. For example, the
adaptivity in an AH application may be embodied in one or more autonomous ageims,
broker and advocate agents in recoemdations system hich dfer advice or suggest

opportunities @ the user (Manouselis, 2002). For example, friendly agents may give advice to
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the user about which path to take or may weven

2000). An autonomas helper or tutor agent may evenbmdyadaptive behaviorashich serve
to assist the studefgection2.7.5 p82).

Most adaptive navigation applications present the user withita fiformation space.
However, researchers have recently begun to experiment not just with adapting the method in
which the user navigates the information space, but also adjusting the size and nature of the
information space through which they navig&eusilovsky (2001) points out that most of the
existing hypermedia applications provide the user with a static information spaceaNows
the designer to build all the links and rules ahead of time to take advantage of the particular
igeogr ap inforinationfspatehard of the goals of theemtial usersAlternatively, the
rules of adaptation can themselves be changed intineal a kind of metadaptation
(Brusilovsky, 2003a). Applications based on a changeable information base are mord,difficul
especially with the World Wide Web (Carver, 1999b). Users must be given some explanation of
the overall structure and meaning of thubjsct matter they are navigating. This is much more
difficult than it may initially appear. Many initial attempts weret successful, although some
success has been reported.

2.4.3 SomeApplications

Most existing adaptive applications use text, imagery, animations and other visual strategies,
though all of thesdisplays are limited to two spatial dimensions. For examplet@aVimuseum

is similar to a traditional hypertext museum guide with adaptation added, providing the kind of
information one wusually finds in a physical
1999; Oberlander, 1998; Milosavljevic, 1998).

Some adptive applications seek to lead the viewer along a single path through the
information space, but tailor the path based tba viewer's knowledge and interests. For
example, students may work their way through a curriculum which adaptively changes to suit
their needs, based on predetermined rules set by and instructor and presumably under the
instructor's supervision (Brusilovsky, 2003b; Tan, 1997; Specht, 1997; Nykanen, 1998).

Virtual museums and adaptive couwgare are special cases afch expert systas, in

that they give the user information at least partially based on what the tutoring system determines
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s/he knows. The static precursor to this is a simple list of instructions, where each instruction
assumes the ones before it have been followed. dapteve system will have much more
complex ways of responding to the user and guiding him or her towards some knowledge goal.
While it is possible to embody the tutoring system in a static hyperlinked structure, such as the
primitive expert systems, it ifar more effective (and far more difficult) to use techniques
developed in Artificial Intelligence research to determine the knowledge space and the

informational paths through it.

2.4.4 Augmenting Virtual Space with Adaptive Behaviors

An information space emb@d in an adaptive application can often be expressed as a three
dimensional virtual environment. The user can query this 3D interface in a variety of ways. In
some cases, part or the whole of the environmn
needs. For example, a virtual or physical space can be augmented with audio clips of information
(Oppermann, 1999; Sinclair, 2001; Not, 1998b). The content of these clips may change
depending onwhich user model the user determined to belong tand wheres/he has been in
the VE, (Petrelli, 1999)This techniqueis particularly useful for museutrike environments. A
more advanced approach is to generate automatically different versions of the virtual
environment based on the user's current perceived Gédgthfo, 2003, 2004).

An entirely different adaptive strategy is to change the way in which the user navigates
within the virtual environmenh a dynamical fashion. For example, going around a corner to see
what is there is can be regarded as a kindpazitial query. There are a number of feasible
methodsto constrain or deflect the user's movement through the virtual space, so that s/he is
either encouraged or required to notice certain things or to emphasize certain trajectories
(Brusilovsky, 2004). O way to do this is to use fAgui de a
of gaze or movement (Hughes S, 2002a). Examples include a moving spotlight, a floating arrow
that stays in front of the useypints which serve as compass (Hughes S, 2002a) and dikige
guide agent who leads the userparticulardirection or indicates points of interest (Chittaro,
2003, 2004).

I n yet another | evel of adaptation, the #fg

change their strategy depending on the perceivedsnareititerests of the user and based on the
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overarching narrative structure of the application. This is especially common in games, where
agents often populate a virtual landscape or social environment. They can change their behavior
depending on who thesar is supposed to be or on events that occurred before the users avatar
encounters the agent

2.4.5 Augmenting Physical Space wh Adaptive Behaviors

A variety of methods exist to guide the user though physical spaces using recorded or generated
narratives The narratives can be heard on speakers, in mobile tape recorders, read on location
sensitive PDAs, or delivered by other medusing HyperAudio, for example, the user can hear
a narrative explanation of some object when s/hesiite@ppermann, 1999; $ght, 1999b; Not
1998a, 1998b; Sinclair, 2000hese narratives can be made adaptive, changing according to the
users' prior interaction within the environment, learning goals and other fdetorsery large
physical spaces, adaptive applications apacglly implemented with some kind of Personal
Digital Assistant (PDA) for the user and some means of determining the user's location. This
allows the application to make travel recommendations, give instructions for physical navigation,
reveal historicainformation, and so on (Sendin, 2002; Cheverst, 2080such strategies can
be modeled in virtual environments or employed for use irbs&ed applications.

Adaptive educational applications (immersive or not) can be more lezgntared than
static edicational software. This is also true for pedagogical ageiis,are more lifelike and
functionally helpful if some kind of adaptive intelligence can drive their behavior

2.4.6 Learning Games

The game paradigm is an excellent way to center interaotidthe user ina flexible virtual
environment. Since the nineteereighties, educational researchers have studied how the
structures and methods used in extremely popular computer gavukbs e harnessed to
promotelearning in a variety of fields. Today suchaetf are attracting even more interest and

resources (Squire 2003, 2Q®irriemuir 2004 Repenning2005). Games usually are based on a
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microworld of some sort and almost invariably use geaking activities to motivate the user to
expl or e t(Rhaspiofi20@b; |DdLéon, 2000). Similarly, immersive VR interfaces
often use goakeeking strategies to shajpgeraction with many types of virtual environments,
especially those with a high level of visual fidelity.

Today, computer gameseaavery conmmon part of popular culture, with millions of
people playing them Through video games and other electronic media, ma®gs thave
developed a high degree of video literacy, comfort and competence with fast, infordeatsm
input Also, the game industityas developed powerful, flexible software that can be adapted for
educational ugendeed,much of it has already been adapted to Immersive VR (SROG2
Kirriemuir, 2004 Jacobson2005) These developments put many types of educational virtual
reality within reach of educators and their institutions (Le®302; Dondlinger2007) The key

advantages of garteased learning are:

1. the student/player's intense investmarreachinga goal defined by the educator

designer.
2. continual feedback for the stutteas s/he interacts with the system
3. a high degree of student involvemandinvestment in the activity itself

We believe that educational games are a special case adaptive media (Brusilovsky 2008) and are

well suited to botlConstructivisiearning adtities (section2.5.1, p42) andto Virtual Reality.

The key is to make the goals of the game serve the students learning goals and the
broader curriculum. The student would benéfiittle if an educational game is designed to be
some kind of a wrapper around the information s/he is expected to ledirese cases, the
student might play the game for its own sake and quickly forgetutiject matter. t would be
easy to design gamen whichthe student gains points for solving riddles or remembering. facts
However, it would be much more effective if the goal of the game was to accomplish something
within the context of theubjectmatter. Winn (2001) provides an excellent exangfle good
conceptual design; in his study, students adjust environmental factors in a simulated part of the
world to find an optimal solution to global warminthis activity is definitely a game, although
Winn does not describe it as sucteitherin the instructions given to his subject®r in the

paper describing his experimefte students simply enjoyed and learned
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In our study, we structured the student learning experience as a game.
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2.5 LEARNING THEORY AND VR

In the following discussion we willxplore how the educational theories that were developed in
the field of Artificial Intelligence now inform the development and use of immersive VR in
education.Other studies have addressed this topic, and they are usually they are shaped by
educationatheory of Constructivismin which students learn best through an activedisdicted
curriculum. Most investigators believe that the expressiveness and flexibility inherent in all types
of VR (not just immersive) supports this style of instruction.

Furthe, many of these scholarly works endotise idea that sensory immersion produces
a feeling ofpresencavhich enhances engagement and therefore learning; we believe the truth is
more complex gection2.5.3 p47). Another major justification for using Immersive VR in
teaching is the idea that VR is a powerful means of expression, encoding a great deal of
information with which the user can interact directly. Most arguments for thibased on the
Ecological (Gibson, 1979) approacto understanding the mind, however others are firmly
Cognitivist As will be discussed below, some of the literature on this topgetheeconcept of
Distributed Cognition which begins to combine the Caotwist and theecologicalapproaches
The goal of all of these approaches is to give students enough flexibility to support their own

learning, but to do so in a walgat can be measured objectivelyt the end of this sectionye

will present Dr. WillamWi nnés synt hesis which we have expa

core of our own investigational theory.
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2.5.1 Constructivism

Constructivism has been central to the way most researchers approach educational VR,
particularly in 1990's (Fallman, 1999; Dalgay2001b, 2002a, 2002b), while more recent theory
and work (Winn, 2003a; Moreno, 2002b; Mayer, 2001) comlipgnitivist approaches with
Constructivistconcepts. Unfortunately, much substandard work has claim@dnatructivist
underpinning (Jonassen, 2@)0Land, 2000). For example, many 2D multimedia learning
applications developed during the 90's claimed t&€bestructivist but do not give the student
enough autonomy to direct their own learning (Land, 2000). Efforts to use VR and Immersive
VR have a enilar range of quality. As with all media, the technology does not solve problems so
much as it creates opportunitidhis section describes constructivism as it is presented in the
educational VR literature and in Jonassen (2000a).

One of the central teets of Constructivism is that the learner defines the learning
environment. Individuals respond not to some fundamental reality, but to their own context or
A U mw ethet environment adhé usermerceives it (Winn, 2003b). For example, people from
warm cimatesimaginesnow to be a unifornrmaterial while the huit peoples regard it as an
extremely variedphenomenorwhich they describe using many different word®nassen,
2000a; Land, 2000). Part of this context is the body of information that the staidesdy
knows. If education is to be successful and relevant) eimérmust actively connect the new
knowledge presented in the learning experience to the knowledge into their own preexisting
knowledge context (Bloom, 1956). This process requires seftknowledge and knowledge of
the environment. For example, a business student must understand how to apply his or her
unique advantages in the cultuesdonomic setting where s/he expects to be successful.

Constructivism not only stresses the studentmwelt, dut it also sees knowledge
acquisition as part of a larger social process of discovery and negotiation whose outcomes are
encoded in cultural artifacts (Land, 2000; Vygotsky, 1978; Furness, 1997; Winn, 1999b; Osberg,
1997a; Jackson, 2000). Theshow language, religion, culture, technology and science all came
into being, and they necessarily form much of the learner's environfreeparaphrasglackson
2000)
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In Constructivist theory, learning is rooted in specific situations and their @ultur
artifacts. ldeally, instruction should be centered in a community of learners who
collaborate to create their own curriculum (Brown and Champion, 1994; Driver, 1995).

I n McLell an's (1996) view of Asituated I
environment and developed by the activity, context and culture of the students.
For example, when students work on group assignments, they must come to a common
understanding of what relevant material forms the underpinning of the task at hand and also of
the strategies and tools that can be used to accomplisWiten students study together for
assignments they negotiate the meaning of the relevant material as a way of pooling their
intelligence to better approximate what they believe the teacher wantsat@ow. In Activity
Theory, t his -cioshnsdalulced onheffAicdared knowl edge
2000b, Jackson 2000). Hbhgsé@ODOArwiahgsoit nAin
Constructivism is notisiply a theory aoutthe personal and socialtnee of knowledge
and understandingt also provides the underpinning for learning strategies. A major goal of the
Constructivist approach is to teach students how to leaowekier, proponents of the
Constructivistapproach also admit thatstructorscanot ful ly know their s
students often learn without specific instruction. Students must develop personal strategies for
learning, and it is generally agreed that students learn better if they feel they have some
ownership of the learningrocess (Furness, 1997). A Constructivist educator helps the students
during the discovery and meaningaking processes. An effectiwestructorprovides learning
tools and initial information, sets overall goals, monitors students' progress, providesadd
materials when necessary and resolves problems. The students themselves frame the intermediate
problems, set their sherérms goals, and develop the skills they need to achieve the larger goal.
According to Constructivist theoryhese skills cawoften be developedithin the framework of
some assigned group learning project. The intent is to teachmgdahg, planning, evaluation,
and especially seltvaluationtechniquesall kills which are necessaryif the students to be
successful in latdearning
Constructivist learning can be seen in terms of the stud&@atrse of Proximal
Development (Vygostky, 1978; Jackson, 2000) whiahcludes learning activities which the
student can do, but only witssistancérom an instructor. The student cparform the simpler
l earning activities Abelowd the zone without

complex for him or her,\v&n withinstructor assistance. When the student is performing tasks in
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his or her fApr oxi maditlestkabanesstdl formsg, whech is whern leainiage s a b
is most effective (Vygotsky, 1978; Jackson 2000).

Similarly, the Bi-Directional Zone of development (Forman, 1989; Jackson, 2000)
describes those activities which students can perform, but only byngddgethemwith other
students and thereby scaffoidg each other's learningCollaborative learning is especially
useful, because teamwoittself is a critical workplace skill (Vygotsky, 1978; Roussou, 1999;
Jackson, 2000)

Projectbased learning isnaimportant part of th&Constructivistapproach. Instructors
often facilitate learning by assigning group projects to their students, pbajgetl learning
Papert calls this approach Constructionism (Hay, 20@@jectbased learning supporismu-1 t i
level engagement/activity, challenge and strugtusend that student engagement is stronger
when the students have authorship in the goals of the project and the final product itself (Furness,
1997; Roussou, 1999)

Finally, Constructivist practice placeseat value on the necessity of choosing the level
of Aaut henticityo that i's appropriate to the
literature doutlmmersive VR places great importance on the medium'’s ability to create virtual
environments whicHaithfully represent aspects of the real world. Researchers in educational
| mmer sive VR are particularly interested i n
Anaturalistico or even "realistic", dns@mause,
be placed in an environmental context which is familiar to them and which can be made relevant
to their learning goals (Furness, 1997). On one hand, such environments must be information
rich, containing enough of the right detail to be realigtith respect to the learning goals). On
the other, they must be as free as possible of irrelevant features. Jackson (2000) calls such
applications fAselectively realistic. o6 However
leads learning exercisésbe excessively or inappropriately simplified.

It is worth noting that roughly half of the empirical educational Immersive VR
experiments in this survey explored the teaching of children in public schools. The majority
teach science subject matter, Isws physics, geology or astronomy, which present significant
educational challenges.

They all claim to employConstructivistlearning principles to achieveCbnceptualChangé

(p53) in the studentTheir success in providing truly Constructivisiearning experience varies,
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however, as shown igection2.6.4 (p66) Also, equal numbers of th€onstructivistlearning
experiences in the experiments werenstauctionist (learning by making something) or
experiencing (primarily exploration and inquiryJwo experiments (Winn, 1997; Roussou,
1999) were both students built small virtual worlds and other students experienced them.

2.5.2 Direct Interaction with Inform ation

According to much of the VR literature, the user interacts directly with information, with no
intermediary, bypassing symbol systems. It i
freeing the gerto concentrate on thailsject matte(Bricken 1990, 1992; Winn 1997b, 1999a,
2001, 2003b). This view is inspired partly from the Ecological Cognition model and its heirs
which posit that userare directly aware of their environment, indistinguishable from it (Gibson
1979). Thismodel asumesthat information embodied or embedded in the environment is
directly accessible to a person's ménid can be viewed as the external component of a larger
cognitive process (Gibson, 1979). Proponents of this viewedlgi a VRbased environment
can embody inforntaon that is encoded in a form directly available to the user's sensworium
effect making the information directly access
there ceases to be any interface between the user and the information.
Dr. Winn often stated that, with Immersive VR, the interface effectively disappears, thus
freeing the student to concentrate on thibject matter(Winn 1997a, 1997b, 1999, 2001,
2003b). In Winn (1999) he specifically states that VEs allow direct constructikmoofledge,
Abypassi ng sy mb o-bsdirecrisfdrneation viedv is widely hdRby authors in
the general VR literaturea good example of this iMerideth Bricken's often cited article
AVirtual Real ity; No Interface to Designo (Br
Unfortunately, this model does not address the gap between the information the designer
means to convey and the way it is expressed in (or as) a virtual environment (VE). For the user to
Adirectly perceiveo the basi cendeditdconvampdrfecon t ha
conversion of the information into some sensorially accessible fiwould be required. Such a
conversion is impossible. The only information that the user can access directly in the Ecological
sense, is aepresentatiorof that nformation; and that representation is created by some person

or some process defined by the author of the virtual environment.
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The correspondence between the data and the representation may be very close in some
cases, for example in a visualization ofseorm front from atmospheric data. Even there,
however, design issues have a vital effect on the way the user perceives the infdretGeicse
the design of the representation is mutinsic to the information itself. In our example, the
colors assignto different regions of air pressure could have a significant effect on how the user
reads the visualization.

At the other extreme thesomeinformation can only be represented with some arbitrary
symbol system, for example the text on the road sigrsdme virtual village. Manguccessful
future VEs will be some mixture of representation, symbol, iconography and metaphor. The use
of representations to construct an environment or artificial reality raises important ontological
issues (Heim, 1993; Koegl§ 2000).

Nevertheless, authors in the literature are well aware that the expression of information in
a VE must be tailored to its purpose, to the limitations of the technology and to the demands of
the human sensory and intellectual system. For exarpirness (1997) says that the design of
the VE influences how the user interacts with the information which in turn influences the way
s/he interprets it. Winn (2003b) reports that students using VR to learn about global climate
change learned more thaantrol group about ocean currents, but learned no more about salinity
levels. He attributes this to the design of the representations used in the learning application.
Furness (1997) states that VR can be used as a medium for a wide range of symbse| system
which is useful because different symbol systems activate different mental models in memory.

He also states that A..some | ess abstract
conceptual and propositional knowledge." (Furness, 1997hory VR theorists and
practitioners there seems to be agreement that varying interpretations about such issues of
representation are unavoidable.

We believe that (1) everything in a VE is some kind of representation, (2) the user
perceives those representatiass part of his or her environment, and (3) that VR derives its
expressive power from the wide range of possible representations and the ability to combine

large numbers of them into a single coherent presentation.
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2.5.3 Presence and Engagement

The sense gfresenceis a critical component of VR (Zeltzer, 1992) and without it, an immersive
learning application cannot be successful (Winn, 2003a). $&eswould learn nothing, because
they could not understand the information presented bg thep | i cirdetfaceo Axcéosdingly,
nearly all experiments with educational VR test for presence, using a variety of measures.

In the existing VR literature, a key argument for using sensory immersion in an
educational application ithat this would produce a significaimicrease in student engagement
with the subject matter (Furness, 1997; Dede, 1999; Osberg, 1997a; Jackson, 2000; Winn,
2003a). In many studies, the degreesehsorypresence(section2.1.1.5 p6) was positively
correlated with student learning and enjoyment (Dede, 1999; Salzman, 1998; Winn, 1997a,
2001). However, there are many other ways to enhance student engagement with the learning
activity, with interaction being the dominant fac Nonlmmersive VR can also enhance
engagement (Cobb, 2002; Dede, 2004; SecondLife, 2004; There, 2004) chiefly by raising
thematic presencgsection2.1.1.4 pb).

A stronger reson for using Immersive VR in education is that it allows the student to
interact with the information in a way that is both meaningful and not otherwise available. As
with other media, a VR application is successful to the extent that the particulataasaof
the medium are an explicit part of the information design. For example, Salzman (1998)
performed a successful learning experiment where students manipulated a model of an electric
field in an immersive display. In that study, students who coulttlsvbetween egocentric and
exocentric views of the field learned best because each vantage point was supanakiogi
certain types of inference.

Several experiments attempting to demonstrate a causal link between general sensory
immersion and qual of learning were not successful (Moreno, 2002b; Byrne, 1996; Rose,
1996; Roussou, 1999; Salzman, 1999). In all of these experiments, sensory immersion was not
relevant to the subject matter and students could have conducted the same learning\aithivities
a norimmersive display. The best examples of the successful use of immersive VR are the
experiments designed and conducted by Salzman (1998) and Dede (1999). In these cases, the
learning task specifically required the user's sense of being preseparticular location within

the virtual environment (Maxwell World) to best perceive certain facts visible within the
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environment. Students learned better in the immersive condition because the immersion was part
of the information delivery design.

We may conclude that (1) presence is a necessary but not sufficient, condition for the
success of any instructional VR application, and (2) learning outcomes are not predicted by the
degree of presence unless it is an explicit part of the VR applicationsctimtal design.

However, this raises the question of how learning outcomes can be meaningfully measured

2.5.4 Information Delivery in VR

In several papers Winn (1999a, 2001, 2003b) and Furness (1997) praise the expressive powers of
the VR paradigm as a usefidol for education. Winn states that VR makes more and better
interactions and metaphors possible, such as spatial metaphors for information which provide
qualitative insights (Winn, 2001).

Dede (1999) cites several advantages of mseltisory presentatio Besides being
engaging, multsensory presentations can provide more ways for the user to interact with the
information, rather than just absorbing it passively. Multisensory presentation can be efficient
because different sensory channels can be wspesent different information, while deliberate
redundancy across sensory channels can emphasize or reinforce certain information. However
multi-sensory presentations must be designed with care, because different sensory channels have
distinct comparatie advantages and disadvantages. Particular representations of knowledge may
elicit idiosyncratic biases in the listener.

EducationaMR supports student interaction with highly complex information and allows
the educator to situate learning in meaningfaimniliar, motivating contexts, many ofhich
cannot be represented in other me@dinn, 1999b, 2003b; Jackson, 2000). It also allows
educators t@resentomplex topics with less need to simplify th#gect matte(Furness, 1997).
Oversimplifying lessos to fit the teaching method or medium can lead to learner
mi sconceptions, a problem Winn (2003b) call s
agree with these conclusions but frathem in a more informatietheoreticalkstructure

The heories adranced by Winn found a rigorous test in the work of Mayer (2001)
(section2.5.5 p49) and Moreno (2000, 2002b) (secti@r6.5 p68). Both researchers combine

Constructivist and Cognitive approaches. Though Mayer (2001) mataljied multimedia
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designs, Moreno (2000, 2002gstribedhow the heories they both explore could apply to VR
applications She alsostudied how using information delivery methods in VR can create

successful learning experiences.

255 Mayerd6s Multimedia Design Principles

Il n the | ate 19806s, Ri chard E. Mayer develope
(Mayer 1987) which drew on du&oding theory, cognitive load theory and Constructivist
learning theory (Moreno, 2000b).eHinodeled the process of perception and learnaged on
contemporary research into such-bamgnitive processes as sensory memory, auditory buffers,
shortterm menory, and others. His model described the final step to learning the puaihich

the student combines new information with existing knowledge to construct a new knowledge
structure. Moreno used Mayer's theory t@ageher inquiries mto using informatio delivery

methods in VR to create successful learning experiences.

According to Mayer, multimedia can enrich the learning experience by making better use
of auditory and visual channels, which often play only a minor role in contemporary educational
straegies. Both sensory channels encode a range of perceptible phendmegh, Bis with
other sensory channels such as $msbme phenomena convey more specific types of
information than others over a given period of time. A simple example is that airalge
could be used to convey more information than a monochrome image of the same resolution.
This idea can be extended to predict that a CAK& display or an HMD with a very wide field
of view can provide peripheral visual cues, whian dehelpful o the perception of sethotion
and seHlocation as well as the maintenance of a coherent mental image of the environment.
Spatialized sound also provides positional information on sound sources alota@lin cues.
Assuming a skillful design and apjmate use, these capabilities should allow a greater
information flow into working memory.

In tandem with better use of specific sensory channels, the VR designer has the
opportunity to employ everal sensory channels simultaneously. For example, many VR
applications for medi cine use the sense of t

surgeons (Westwood, 2004; Satava, 2002). A scalpel or other implement is represented by an
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object which is shaped like a styluEhe user grips one end of this deviout the other end is
attached to a motorized apparatus. While immersed in the VR application, the user can
manipulate a virtual object with a virtual tool controlled by this physical stylus. When the virtual
tool touches some virtual object, the physisgllus pushes back in the user's physical hand.
Depending on the fidelity of the display, the user can feel the shape and even the texture of
virtual object. Other applications such as flight simulators employ vestibular input as a sensory
channel (Stanng 2002). Some applications employ smell (Stanney, 2002b) and others employ
other senses such as the ability to sense temperature. Again, if the application is appropriate and
the design is good, a greater number of sensory channels can be used to gileatern
information flow into working memory.

VR affords the possibility of the use of new paradigms for perceptual integration.
Possibly the mostften cited newcapability of VR applications is to present information in a
form which leverages the mechamis that the user employs to understand the natural world
(Wickens, 1995). For example, a building can be presented as altime@sional object which
the user can explore in an i mmersive display
learner dos not have to imagine what it would look like to an observer inside the real space. As
another example, a process in the natural world, like the progression of global warming, could be
depicted in a timéapsed model of some landscape (Winn 2003b, JackRS00).

Finally, VR can support new paradigms for hurt@mputer interaction. If learning is to
be an active process, the learner must also be able to interact with the information efficiently.
Along with the rich ways in which VR applications can presefdrmation, they also can
provide more naturalistic ways for the learner to interact with it. For example, use of-a hand
tracking glove (Bowman, 2002) with an appropriate VR application would allow the user to
move an object in 3D space by simply reaghiit, grasping it and moving the object to where
s/he wants it to be. Assuming affectivesoftware and hardware implementation, this is much
easier than moving the object with some mouse, joystick or other indirect interface 8evice.

a more naturaitic mode of interaction would reduce the cognitive load for the user and also
would support certain interaction metaphors which would otherwise be prohibitively complex.
Ellis (1991) provides an example of this from the training literature, where amastwas to

learn how tarendezvous with a spinning space capsule. The task is made easier by changing the
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user's ©perceptual orientation so that t he
Afaboveo it, trying to Al and ono it.

These principles ay inform the design of educational VR applications and, more
importantly, the way in which they are used. However, the success of any instructional
technology depends on its ability to satisfy the particular needs of the learner Some of the
characteristis that may contribute to the effectiveness of a VR application are distributed among

potential learners in a systematic way.

2.5.6 Mayer's (Cognitive) Theory of Multimedia Learning

According to Mayer (2001c), Learning is an active process, and in practicertiogllomm must
support the individual student's active inquiry into a proBleanlearner centered approach.
Mayer built his theory on the following assumptions which have been verified by subsequent
research.
e Multiple Cognitive Channels: Humans posses seps# cognitive channels for
processing different types of information, such as textual, visual and auditory information
(Mayer, 2001c; Beacham, 2002).

e Limited Capacity: Humans an only process a limitedmount of informationn a

particular informatiorchannel athe sameime.

e Active Processing: Humans engage in active learning by attending to relevant incoming
information, organizing selected information into coherent mental representations and

integrating these mental representations with other kngeldtky possess.

This figure shown below is drawn from an article by Mayer (2001c). It illustrategrédsents
process he proposes, with most of the boxes representing functional components of the mind and

the arrows representing the flow of information
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Figure 15. Mayer's Learning Model

It is important to understand that the flow of information is continuous, with hlgher

thinking strongly influencing lower level perception and selection. (Barsalou 1992) In other
words thestepwise processingccurs at all levels in parallel, as the learner absorbs information.
ltisnt a naive Aprogramo by whi c h tthelbeginhinggadr ner ' s

end up with a parcel of learning at the end. In the grapheabov

e Multimedia presentsiflering combinations of text and pictures to thseu

e The words and pictures are initially stored in the student's sensory memory, which, for a
brief period, records almost everything that s/he perceives. Written words aneigeen
the eyes and spoken or recorded words are heard with the ears. They are then

Aunder stoodod through a complicated and sub

e The sounds and images to which the student is receptive movevanking memory
shortly after they are experiencedor Ki ng memory i s not a fhpl
reside, but rather is a process which attempts to integrate new memories with the older,
more organized, memorie$hese memories are not organized into discrete categories.
For example, sounds may evoke imafyfeen memory and images may evoke sounds, as
when the student reads written words and
words. This process is partially shown by

boxes in the Working Memory sectiohtbe diagram shown above.

e I n the next st ep, O integhatedbywtber pdosessasnintherentnma g e s

working memory hat isrelated to verbal and pictorial model.
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e The final step in the process of comprehension isthigastudent uses both tberrent the
verbal and pictorial input and the structure that has been developed to organize prior
knowledge to create new knowledge. This part of Mayer's model represents a process that

is muchmore complex than the prior steps in his explanation

Thelmi t ed capacity of the visual and verbal <cha
is very important. Mayer (2001c) cites a series of experiments that show that presenting audio
narratives or explanations along with pictures results in betteiigatman when presenting the

same information as text with pictures. This is because written words and pictures compete for
the |l imited capacity of the mi rhitedhe infermatiana I c h
presented by way osounds is procesdse i n a di fferent Apfaant 0 o f
educational VR application is wealesigned , a simultaneous presentation of sound and imagery

can allow the student to absorb more information more quickly without overloading. Mayer also

reports that thigffect is stable with animations as well as with static images.

2.5.7 Distributed Cognition and Internal Representation

I n the Distributed Cognition model, Aitrajecto
physical environment, through the mindstioé people in them and through the social systems
people comprise. The movement and transformation of information in an individual's mind is
more commonly known as thinking. The movement and transformation of information in a social
system or a culture isften referred to as social discourse, culture, politics, and above all,
teamwork Social information is mediated through the use of language and other communication
channels. One may use of physical props which have been integrated into the iconoigtia@hy o
culturefor examplec e r tegocativeéfi wor ds or i mages sQ@ncalmoras t he
fundamental level, the physical world encodes information about itself within itself. (Gibson
1979, Norman 1988) The Distributed Cognition approach attetogigild models which bring
al | of this together iIinto a single theoretica
organized memories. This approach borrows heavily from systems theory.

An example of this approach Kutchins' (1995b) model adn airplane cockpit, which

included all of the equipment, the operating procedures and the crew itself. He analyzed it as an
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integrated cognitive system, using conceptual models derived from cognitive science and from
systems theory. He described how dixmis are made and how information is stored, with each
component doing its part in the memory (saving state) and problem solving. He treats the crew
members as components, thereby creating a detailed account of what is expected of them and of
their immedate environment. He speculates that he could very well have included internal
models of the pilots’ minds, but he felt that level of granularity was not needed for the analysis he
wanted to do.

Hollan (2000) arguesatthe computer and elements of itseiriace should be perceived
as part of the user's active cognitive environment. They should be full participants in distributed
cognitive processes, in much the same way that features of Hutchins' (1995b) cockpit could be
combined into an integrated cogma&ienvironment.

If cognition is distributed, what does it mean mroduce astudent ® some task or to a
body of information within a particular environment? With the assistance of the edueator t
learnermust adapt to both the environment and to theeeted task. Where appropriate, the
educator scaffolds the learning processg appropriate explanations, representative learning
tasks, and an environment which approximates the target environment as closely as possible.
This holds whether the studehimself, regards the learning task as a separate entirety within
the cognition/action system (i.e. learning to sing.) or as part of a much larger system. (i.e.
learning how to be a member of a bridge crew.) Hutchins (1995a) goes into great deal of detai
about how cognition (and therefore learning) takes place in the real world, while Hollan (2000)
extends these principles to hurr@mputer interaction.

For educational applications, Distributed Cognition provides a unified way to model the
learner, théearning environment and the learning activities. Bell (2000) goes further, stating that
a Distributed Cognition approach can be used to understand the material that the students are
expected to learn. He gives the example of cultural artifacts whichedgr@ir meaning from
their original context. That context can be described as representative Distributed Cognitions,
and learning activitiesan be understood fmarallel them in a way that encourages the student to
learn something about the original atf. That, in turn, requires the educator to build learning
activities which deliberately distribute cognitive activities. Doing so reinforces learning through

relevant activities, rather than merely through simple comprehension.
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It must be recognized, hawer, that there is a critical difference between the theory of
Distributed Cognition and theories which are based entirely on external models of thought and
action. (For example, Ecological Cognition, Activity Theory, Constructionism, and some forms
of St uat ed Cogni tion) As described above, Di s
information, 06 attempting to understand the pc¢
moves through the cognitive environment, is incorporated into memory, anthée@ factor
which guides an individual 6s future Dbehavior
environment. While trajectories can be analyzed at a high enough level of abstraction by treating
a person's mind as a black box, more detailed analggisresmodeling the many structures
internal to the mind. So, ideabaut the nature of thimternal structures in the mind are not just
compatible with Distributed Cognition but could become a useful components for formulating

neweducational theoriesnd strategies

2.5.8 Conceptual Change

AConceptual change, 0 which is described bel ow
important to the understanding of many of the educational Immersive VR experiments presented
in this study (Dede, 1999; Moht999; Winn, 2001; Windshitl, 2000; Jackson, 2000; Johnson,
1999a).

Learning new information and/or skills is an active process, where the studsintinst
make sense of the new information by connecting it to what s/he already knows. The student
must reslve conflicts between prior conceptions and the new information, and, finally, s/he must
draw new conclusions from his or her new knowledge base (Gagne, 1987; Jackson, 2000).
AConceptual changeodo r ef er mayodfen have palbpandoreagisr i n  wh
conception when confronted with both courdgrdence and with an alternative model of the
relevant topic. Many of the educational Immersive VR experiments have employed applications
for teaching basic science and are specifically gearedetite conceptual change, albeit under

slightly different names. Grouped by application, these experiments include:

e | n tGlolmal Change Worldbo Experi ments (Wi nn, 2001, 2
2000; Jackson, 1999; Jackson, 2000 pilg, authors refer tgaradigm conflict a
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synonym forConceptual Changé&his is where the student begins with an oversimplified
or incorrect ognitive modelto explain some physical phenomena in the natural world.
Confronted with evidence that their paradigm nsarrect the student often becomes
confused andseek outa new explanation. If that explanation is readily available,
logically correct, and reinforced by a great deal of scientific scholarshipstrswill

oftenlisten to it and accept its validity

e | n (Stieece Bpacée Ex per i me nt iscusstiiemecessary tramsfarnsation
from students' incorrect conceptions to correct knowledge (Loftin, 1993; Salzman, 1998,
1999; Dede, 1999). Often, new knowledgebdmedistorted when the student tries to fit
it into a defective schema. This transformational account assumes that old knowledge is
transformed through operations.ch®larshave produced many theories about why this
phenomenon occurs but as yet there is no widely accepted descriptiomsof t

transformatioal mechanism (Moher, 1999).

e I n Rdbued Eartho experi ments (Moher, 1999; Johns
a displacement accourdf learning. Acording to this theorythe learner establishes an
alternative cognitive starting point when he or shpresented with information within
an artificial environment. The alternative model is established outside of the learner's
existing domain knowledge. When the studenmns this alternative informational model
it will (hopefully) replace the student's &ar defective model. This conclusion appears

very similar to the ideas posited in tBenceptual Changtheory.

Many authors @cusshow difficult it is to change students' misconceptions on scientific topics
and low alternative artificially-generatedenvironments can be used to induce thental
dissonancehat can challenge their erroneous beliefs. Preconceived notions can certainly be a
problem for the Virtual Heritage applications which are described below, espab@dly that
concernpolitically sensitive topics. Theories about conceptual change pnesentproductive

ways of approaching such problems.
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2.5.9 Learner Differences

It is generally accepted that some learner differences can be measured in ways that divide
students into categories which areeful for instructional design (Mayer, 1987). Common
measures are:
1. Prior Knowledge: Students are constantly tested, ranked, and grouped according to their
measured skills and knowledge, mainly to ascertain what they are ready to learn next
(Bloom, 1956).

2. Motivation: The student's desire to learn something about a particular topic. This can
either exist alreadyto be created in the student by the instructor curriculum. The
instructor must also make sure the student connects that motivation to the required

learning activities (Mayer, 1987).

3. Learning Ability: This is often measured in standardized achievement tests and IQ tests,
which do predict performance in a typical educational setting (Mayer, 1987). However,
Gardner (1999) declares that both the 1Q/admeent tests and standard curricula are
strongly biased toward verbal and mathematical ability. If so, then this correlation is a
narrow one and may not hold for more broad#sed learning curricula.

4. Demographics: Basic measures such as age, educatiorl,lgrofession, and other
standard measures can predict some factors that influence leamahgging levels of
prior knowledge, communication preferences, cultural requiremedt®ther social and
intellectual forces which shape the learning expedeuica particular studenfdaptive
media applications canusachf act or s t o i mpute a user fAste
strong start in building its user model (Chin, 1989; Garlatti, 1999; Rich, 1989).

The learner differences described above ardremded in the Immersive VR ieducation
literature. However, there are other important systematic learner differences which it does not
address.

Cognitive Aptitudes include spatial, verbal and mathematical abilities, which have a long
history in elucational testing. If these differences are the results of experience (nurture), then any
student can be trained toroprehend any type of informatiorlowever, if the differences are

innate (nature) then each student will always do better with a curriculuwnethilo his or her
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abilities. Gardener's controversial theory (1983, 1999) argues that there is no single measure of
intelligence, but that each person has some mixtusewén intelligenced.inguistic, Logical
Mathematical, bod¥inesthetic, spatial, nsical,inter personal, anthtra personal skills.

However, it is not always clear how measuring prospective students' cognitive abilities
and other aptitudesan be used to develop currieulGardner himself criticizes many of his
devotees for using his tbey to create naive pedagogical formulas (Gardner, 1999). He argues
that the most common mistake is to build a comprehensive lesson plan around some single
aptitude. For example, one might infer that students with high visual aptitude would benefit most
from learning with a highly visual interface. However, students with low visual ability may gain
more in such environments (Bricken, 1990) because they can use the incorporated visualizations
to reduce their cognitive load. Gardner states that cognitiveudgs contribute crucially to
determining the ways in which a student may learn best, but the two are not the same.

ALearning styleodo refers to the way a stuc
example, sometgdents may learn more by first investigatithe relevant theories about a
particular phenomena and then see examples of it in action, while others may prefer to study the
examples first and then generalize from them to investigate and validate relevant theories. There
is no consensus within thel@cational community on what the measurable learning styles are or
should be, and conclusive evidence has been elusive so far (Mayer 1987).

Nevertheless, several wddhown taxonomies (Carver, 1999a; Larkilein, 2001;
Danielson, 1997; Chen, 2002) haveratted significant study and there is some empirical
evidence which confirms their validity. Again, the question of nature versus nurture is important.

If a person's learning style is determined only by a lifetime of experiences, than any student can
everiually be trained to learn in any way. However, if learning style is even partially innate, then
the student will always benefit more from sonsu@ational strategies rath#tan others Mayer
(1987). Cognitive aptitudes are most likely the result of a éexnmixture of genetic potentials

and learned experience. Learning style is probably a semoled effect based on cognitive
aptitudes, aesthetic preferences, acquired learning skills and cumulative knowledge.

Another practical question is: to what exteran a flexible, learnezentered, learner
controlled curriculum address student differences without the intervention of an experienced
educator. To some extent, students may be able to satisfy their own needs simply by exercising

the options available tthem. Perhaps flexible learning environments and supporting curricula
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canbe designed which divide thaskof managing student differences between the student, the
instructor and the environment itself.

VR can provide unique learning and teaching toatsich may be especially helpful to
learners who r@ underserved by current methods. Theories of learning style may provide some
answers about how to accomplish this. However, most of the educational Immersive VR
literature does not seriously address tkeerrch in learning styles or cognitive aptitudes,
although some scholars, such as Bell (1996) mention that these issues are important. Currently,
theories of learning styles vary widely and are controversial in the educational research
community. So fareducational VR researchers have not been willing to address the double
challenge of experimenting with VR as a teaching tool while targeting the needs of certain

learners.

2.5.10 Measurement and Evaluation

Constructivist theory also has implications for anothspect of educational research, that of
measurement and evaluation. Bloom (1956) refers to six levels of learning, as summarized by
Clark (1999):

¢ Knowledge Recalls data.

e Comprehension Understands the meaning, translation, interpolation, and interpretati

of instructions and problems. States a problem in one's own words.

e Application: Uses a concept in a new situation or unprompted use of an abstraction.

Applies what was |l earned in téaal cwaskdoom

e Analysis. Separats material or concepts into components so that its organizational

structure may be understood. Distinguishes between facts and inferences.

e Synthesis Builds a structure or pattern from diverse elements. Put parts together to form

a whole, with emphasis ameating a new meaning or structure.

e Evaluation: Makes judgments about the value of new ideas or materials.
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Many educational studies measure learning outcomes with explicit measurements for different
levels of learning, often using a taxonomy similathe one described above though , usually
simpler. For exampl e, Land (2000) refers to
analogous to Bloom's "Application. o However,
for philosophical or prawal reasons. For example, factual knowledge, comprehension, and
application (transfer) can be measured with written exams uncontroversially, but Constructivists
argue that the higher forms of learning often cannot be tested this way. The studenekagio d
build and debug very large logical structures, a process which simply takes too long for any
timed evaluation in a classroom, and is too interactive to be adequately measured in a written
test.

In Constructivism, project evaluation is the primaryasiwement tool, not only looking
at t he final product, but at t he student 0s
Constructivists go further to say that it is useless to measure learning in anything other than the
student's own context. However,thisdé ds t o a par adox. For a stud:eé
has to be able to apply that lesson elsewhere. Furthermore, there has to be some way to evaluate
students' knowledge and skills with respect to social standards. Therefore, attempts to both train
and test students in fiauthentico or ecologica
between the training and the test itself. When this happens, only rote learning can be measured
clearly. Itis acceptable to use the same environmentidsiton a different task (transfer) or do
the same task in a different environment (Land, 2000). Exploring these issues further is beyond

the scope of this study.

2.5.11 Wi n rSgnshesis

Dr. William Winn of the University of Washington and his colleagues hawvdywed roughly

half of the formal experimental studies in Immersive VR for education (setiod p69). His

theories began with a mixed Cognitivist and Constructivist approgelsting the popular belief

that two were incompatible (Winn, 1993). More recently, he developed his own approach, which
he calls AEmMbodi ment, Embeddedness and Dynami
ideas from Constructivism, Distributed Cogniti@md cognitive science. In this approach,

optimal learning requires:
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e Embeddedress in the environment. The mental and physical tasks a person performs
cannot be defined without some reference to the environment. This does not imply that
the environmentleinescognition, but that some reference to the environment is required

to describecognition.

¢ Embodiment: The learner/actor's physical body is an essential part of the process,
because everything we perceive must be mediated through our limited senses. We
directly use our bodies to accomplish most tasks and the brain must be regarded as an
organ of the body.

e Dynamic Adaptation: In a changing environment, we must continually adapt to the
changing circumstances. It is also true that the environment changesponse to the
person's actions. In this way the individual and his or her environment are evolving

together, responding to each other.

While Winn avoids the terr@istributed Cognition preferring to say that Cognitive Science has
evolved to include is®s of context, his theories have significant similarity to those advanced by
Hollan (2000) and Hutchins (1995a). Winn's theory is also compatible with what Jonassen
describes as a recent consensus between most education theorists, where cognitive and

Constuctivist principles support unified models of learning (Jonassen, 2000a).
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2.6 EMPIRICAL STUDIES OF LEARNING WITH IMMERSIVE VR

Most VR technologies were originally developed for training purposes, most commonly by the
military. More recently, Immersive VR Bdeen used as a tool for education in a variety of fields
such as mathematics, physical science, geography, architecture, engineering and others. There
have been many efforts to use VR to teach declarative knowledge and related cognitive skills,
but onlya relatively small number of them have been conducted as formal studies (Hay, 2000).
Because of this, the educational use of Immersive VR is still not well understood (Salzman,
1999; Winn, 2001). This section will summarize the existing educational stwtlieh have
employed Immersive VR, the theories supporting them and ameasich further studies are

needed

2.6.1 Introduction

There are still only a small number of empirical learning experiments with Immersive VR
reported in the educational and \f&searcHiteratures (Salzman, 1999; Winn, 2001; Moreno,
2002b; Winn, 2001; Jackson, 2000). Only twelve formal experimental studies are readily
apparent in the literature (secti@r6.4 p66). Thereare probably another fifty informal studies
(such as pilot studies, surveys, ethnographic studies and formative evaluations) and
approximately four hundred papers reporting those studies and discussing supporting theory,
along with reports in th@opular press. These numbers are difficult to estimate, first because
each discipline which uses VR has only a limited number of educators who are interested in
teaching with VR applications. Also, the results of their efforts are usually reported in the
literature for that discipline, but not cressferenced with other studies using educational VR.
Almost all of the experimentsported in thisurvey were conducted in 1999 or before,
apparently for economic reasons. Most of the researchers who cahdieteprel999
experiments cite a sharp decrease inGifyernment funding for educational VR experiments as

reason for the lack of recent research (Roussos, 2004; Bowman, 2004; Loftin, 2004; Moher,
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2004). The exception is work by Moreno's work (secttof.5 p68), Maria Roussou (2006,
2008), and this study.

Fortunately, all kinds of VR applications have become much less costly because of the
adoption of technologies developed by tha@ame industry (Lewis, 2002; Dalgarno, 2002a;
Young, 2000; Pivec, 2003b; Bruckman, 2002a; DelLeon, 2000; Tougaw, 2003; Stang, 2003;
Jacobson, 2002a, 2004a). This may lead to renewed interest, but in the short term it may be a
deterrent to further researdResearchers and educators may be reluctant to expend a great deal
of time and effort in a technology that they think will soon be obsolete. Another reason may be
competition from the online collaborative virtual worlds and other desktop VR applications.
These provide significant opportunities for interesting and important educational research at
much lower cost than Immersive VR (SecondLife, 2004; There, 2004; Dede, 2004; Andrews,
2002).

An entirely different problem is that VR may still be too poorly defi to support
meaningful comparisons between it and traditional teaching methods (Hughes, 2001; Jackson,
2000; Youngblut, 1998). For example, too little is known about collaborative learning in VR to
make meaningful comparisons with other computediatel or open classroom collaborative
activities (Moshell, 2002; Youngblut, 1998). Mayer (2001) goes further to say that direct media
to-media comparisons of all types are rarely meaningful. Not only do different media lend
themselves to different teaching imeds, but also the method and the medium cannot be
separated in any practical approach.

Mayer (2001) recounts the history of new media in education, specifically film, radio,
television, computers, and the Internet. Each time a new technology was iattpthere were
high hopes that it would transform education. Most of the technologies have found some use in
schools, but none have become dominant or even displaced the book. All of these researchers
agree that efforts should concentrate first on dis¢ogehe educational properties of VR before
it can or should be distributed widely or compared to other media.

Nevertheless, many educational Immersive VR studies report successful learning (Byrne,
1996; Winn, 1997c; Osberg, 1997a; Jackson, 2000; Winrl;2D8de, 1999; Salzman, 1998).
Students in those experiments may have learned the material just asswglsame other
teaching method, (Winn, 1999b) but the experiments do show that Immersive VR can be used

successfully for teaching. As with most otlierms of media, it is most likely that Immersive
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VR is best used as part of a larger curriculum, rather than a general replacement for other forms
of instruction (Bowman, 1999; Wickens, 1992; Hay, 2000).

2.6.2 Advantages

VR allows the user to interact with mdsleof things they could not touch in the real world
(Roussos, 1999 ertain places or things may be otherwise inaccessible because of microscopic
or macroscopic scale such as molecules, galaxies or weather syBh@mymay be physically
inaccessiblesud as the surface of the mqoor inaccessible to students with special needs
They may be no longer extant, such as the Temple of Isis at Pompeii. They maleeven
imaginedor proposed, such ascolony on MarsThey may be dangerous or too expensive to be
used in a classroom. They may even be theoreticabsiract {Vinn, 2003b; Jackson, 2000;
Youngblut, 1998)For exampleGlobal Change World (Winn, 2001, 2003a) allows the learner to
manipulate major environmental factors in a model of Puget Sound (Wgasii USA) and to

travel through virtual time to see the results.

VR can also illustrate subjects and processes that are difficult to exmiegsother
media For example, topics with a strong spatial component, such as architecture, are better
expressé in threedimensional media, rather than two dimensional media such as a blackboard
or a printed page. For architecture, Immersive VR has the added advantage of letting the viewer
see the inside of a virtual structurdlso, VR is a good way to interfacgith simulations of
dynamic systems. System examples include ocean currents, planetary motion, changes in
electrostatic fields, movement of nutrients in a food web and the social behavior in a troop of
gorillas. The behavior of such systemsften nonlirear, being an emergent property of an entire
system of factors, mutually influencing each other, th@nge unpredictably over tinf@/inn,
2003b) Simulations are particularly useful for modeling natural systems.

There is a consensus in the literaturé that he sense of fip-basesienceo
learning application can enhance learnisgc(ion2.5.3 p47). Finally, VR and particularly
Immersive VR are popular and tend to bellweceived by educators and students (Antonietti,
2000).
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2.6.3 Problems

The interface and control technology for VR is still cumbersome, exhibits poor fidelity and is
generally primitive (Dede, 1999), which is a particular problem for educators (Rouss8y, 199
Developing effective learning tools with VR requires considerable time, technical expertise and
design skills (Winn, 1997). Furthermore, many important applications also require considerable
artistic skill, particularly with archaeological reconstranog Fortunately, advances imass
market graphics hardware and display technoloyegreatly driven down the cost of hardware
and highperformance graphics softwafeewis, 2002; Dalgarno, 2002a; Young, 2000; Pivec,
2003b; Bruckman, 2002a; DeLeon, 2000ugaw, 2003; Stang, 2003; Jacobson, 2002a, 2004a)
However, developing for VR applications still requires technical expertise and a considerable
artistic effort. Productivity tools for rapid development (Igarashi, 1999; Jung, 2002) tend to
improve the qality of the final product rather than reduce the worklotathe developer.

There are other, more intrinsic problems as w&tilildents show wide variation in their
ability to deal with the VR interface, which affects their ability to navigateany studers feel
lost in the VE (Dede, 1999F0me students never become proficient with navigation in a VE
application usually because they have distance/depth estimation problems (Winn, .2003b)
Problems with navigation and control are reported in many of theagdoal experiments using
Immersive VR.Even whera student isble to perform navigation maneuvers comfortably, s/he
must still be able to traverse the virtual space without getting lost and wekpetiencing an
excessive cognitive load irrelevant teetlearning exercise. Fortunately, VR navigation has been
the subject of considerable research and much progress (Darken, 2001). Bowman (2002)
developed an excellent taxonomy and set of principles for interaction design in VR applications.

However the acbf navigationitself may resulin motion sickness caused by the sensory
conflict in immersive displays a well documented problem (Harris 1998, 1999; Kennedy, 1992,
1995; Kolanski, 1995; Lin, 2002; Prothero, 1999; Kuno, 1999; Owen, 1998; Howarth, 1998)
Most educational experiments usimgrhersive VRreport that some test subjects had significant
problems with motion sickness induced by the display (Jackson, 2000). Also, tHerongide
effects of exposure to Immersive VR, if any, ag known (Winn, 203b) It is interesting that

large audiences regularly attend immersive dome displays (e.g. an Omnimax theater) and
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audience members often experience motion sickfiessy knowledge, however, there has been
no public outcry about the dangers, the attosctiremain popular and no special safely protocols
have been enacted.

Finally, the degree to which VR is engaging, just because it is novel and perhaps
fashionable, could confound experimental resultss would be a kind of Hawthorne Effect
(Campbell, 183), which could probably be mitigated by giving students enough time to get used
to VR. It should not interfere with learning experiments which compare different VR conditions,
as longasstudents' enthusiasm does not lead to a ceiling effect.

2.6.4 Summary of Previous Experiments

Table 1, below, lists the previous educational experiments by theoretical approach, quality of
design and nominal success

In a constructionist leaing experiment, the students learn something by building a
virtual environment or part of one. In an experiencing experiment, students interact with some
readymade VE Note that a constructionist learning task is alw&gnstructivist while an
experiering task may or may not be part o€anstructivisiearning experience.

A study will be marked as strong if the experimental design is sound and complete and
the implementation is sufficientA study is labeled asweak if it was intended to be an
expermental inquiry, but there is a significant flaw either in the experimental design or in the
implementation. Sometimes, however, an experiment can have a major flaw in its design, but
still produce a believable result. Usually this occurs when secondargureeaor other
circumstances support the conclusion

A study is classified as Successful if it proved its hypothesis or produced some closely
related discovery, otherwise, it is marked as Inconclusive. Some of the best designed and
implemented studies faiespecially in educational testing, whiak many inhererdifficulties.
Nevertheless, inconclusive studies may produce much useful material.

Finally, the dominant display device used in the VR application in each study will be
listed. A CAVE is an endsure made of rear projection screens, which surround the user with a
stereoscopic view of a computer generated landscape-{&iva, 1993). An HMD is a device

worn on the head, which drives two small displays, each one directly in frameobfthe
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vewer 6s eyes, to produce the experience of tot

deliberately introduced difference between the left and right eye views creates a stereoscopic

effect enhancing the illusion of depth. "Desktop" refers to a lwasiguter monitqgrkeyboard

and mouse.
Table 1. Previous Experimentsithh Immersive VR
Reference Section Quality Success Experiencing / Interface(s)
Constructionist

(Moreno, 2002a) 2.6.5 |[Strong Swecessful Constructionist | HMDvs Desktop
(Winn, 2001) 2.6.6.2 |Weak Successful Experiencing |HMD
(Jackson, 2000) 2.6.6.4 |Strong Inconclusive  |Experiencing |HMD
(Bowman, 1999) 0 Weak Inconclusive  |Experiencing |HMD
(Dede, 1999) 2.6.7.2 |Strong Successful Experiencing |HMDvsDesktop
(Roussos, 1999) 2.6.8 |Weak Inconclusive | Constructionist | CAVE
(Salzman, 1999) 2.6.7.3 |Weak Inconclusive  |Experiencing |HMD
(Salzman 1998) 2.6.7.1 |Strong Successful Experiencing |HMD
(Osberg, 1997a) 2.6.6.3 |Strong Successful Both HMD
(Winn, 1997) 0 Strong Successful Both HMD
(Byrne, 1996) 2.6.6.5 |Strong Successful Experiencing |HMDvsDesktop
(Rose, 1996) 2.6.6.6 |Weak Inconclusive  |Experiencing |HMD

Only formal expemental designs have been listed, those which use a classic
experimental design or a quasiperimental design, when laboratory conditions are not practical
(Campbell, 1963)I do not wish to imply that neexperimental studies are valueless. They
include wability studies, focus groups, formative evaluatie@iekpnomethodologicadtudies and
other forms of structured inquirffhese methods can resolve obvious problems quickly, refine
the application, refine testing methods, generate testable hypothesesr gattdotal
information and examine problems where formal methods are not usated example is a

study by Roussos (2006, 2008) which uses Activity Theory to analyze student activity during an
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ImmersiveVR experimentNon-experimental studies are notdarect concern of this review,
although some will be referenced.

None of the experimental studidsted in Table 1 contained any significant pre
experiment analysis of the physical controllers used and howntigdyt affect user interaction
and the experimenMany of them suffered significant problems with user navigation, sometimes
so severe that they causiee failure of the experimenflackson 2000)More attention to
interface design is needeBor example,Bowman (1999, 2002) describes a task and design
strategy for VR interaction design which is quite helpful for interaction design and analysis.

2.6.5 Mo r e rReseaasch

Moreno (2002c) and Mayer examined the learning effects of sensory immersion using VR and
whethe certain design principles from multimedia apply to -W&sed learning environments
The results of two formal studies reported in Moreno (2002c) are summarized below.

Learning activities and materials for both experiments were based on the learning game,
A D e sA-Rylna nrt thed game, the student is given series of alien worlds with known
environmental conditions, and the student has to design plants which can survive in those
environmentsS/he is assisted by a pedagogic agend gives personalized adwc feedback
and encouragement.

The first experiment has a twactor design, with three levels for each facfidne first
factor is immersion, where the student uses either Desktop VR while remaining seated or wore
an HMD and able to walk around. The satdactor is the delivery method of the pedagogical
agent's narrati\é@ either text, or audio or batiThe working hypothesis of the experiment
appears to have been that (1) greater immersion produces a greater sense of presence (2)
immersion affects learningnd (3) delivery method of the narrative affects learnRegsults
showed that students did have a greater sense of presence with greater immersion and learned
more when the narrative was delivered in an auditory fdtm learningeffect for degree of
immersion was found, nor wasy interaction effect found.

The second study had the same protocols as the first, except that the ‘aatkitiglD
condition was eliminated. The otherajor difference is hat the thirda priori hypothess is

different that stulents learn more deeply if the narrative is delivered as both text and Huelio
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results of the second experiment agree with the first in that the students reported that greater
presence with greater immersion and that the degree of immersion had nameffearning.
They also found that auditory narrative was the best method of delivering the material. Students
with both narrative and text learned no better than students with narrative aloséudedts in
the textonly condition did considerably warsthan student who receivexshly narrative No

interaction effects were reported.

2.6.6 Research at theUniversity of Washington

The mission of the HIT Lab at the University of Washington is to use VR as a tool for the
advancement of education. Dr. William Wiand his students have led most of the empirical
studies (Winn 1997, 2001, 2002; Jackson, 2000; Osberg 1997a) which are based in the
Department of Education at the same university. Studies based in other departments were
conducted by Bryne (1993, 1996)student of Tom Furness and Merideth Bricken, and Rose
(1996) a student of Furness and Winn. Also, Dr. Winn has written extensively on educational
theories relevant to the use of Virtual Reality for education. (Winn, 1993, 2002, 2003) Given the
difficulty of empirical educational testing in general, and with new technologies in particular,
this group did well. Of the empirical studies listed,

1. Two were strong and successful (Winn, 1997; Osberg, 1997a).
2. Two were weak but successful anyway (Winn, 2001; Bytaeg).
3. One had a strong design but was inconclusive (Jackson, 2000).
4. One was weak and inconclusive (Rose, 1996).

This group's research efforts are not well reported or referenced in the mainstream Immersive
VR literature in journals such &resence, Cybesychology and Behavi@and at conferences

such asVirtual Reality, SIGGAPHandMedicine Meets Virtual Realitylhis probably because

Dr. Winn's publications appear in the educational literature, which receives only limited attention
from the mainstreamVR researchers who are mostly computer scientists. Papers reporting
experiments by Dr. Winn and his group take a primarily Constructivist approach, but they also

reference the concepts and literature from cognitive science (Jackson 2000, Winn 1997, Winn
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2001). In an early paper, Winn (1993) argues that Constructivism and cognitive science are
compatible. Ten years later (Winn 2003b) described his unified approach. Experiments

performed by this group are summarized here by the papers in which they wetedrepor

2.6.6.1 The Effect of Student Construction Of Virtual Environments on the Performance
of High and Low Ability Students (Winn, 1997) Elementary students worked in small
groups, to produce a smalirtual Environmentintended to help the user learn aboutaiar
topic materials specified by the teachach student helped to build one educational VE then
experienced one produced by a different grd\lpstudents received a pretest angdasttestor
the subject mattefor both virtual environments s/he hadntact with Results were analyzed
with a twoway ANOVA, where the first factor was whether the student had constructed the
environment or experiencedithe second factor was the studen
Raven Progressive Squares test (CE®4) The main hypothesigas that higher ability will
lead to better learning performan@nd that constructing the VE will produce better learning
than experiencing.it

No main effects were found, but there was a strong interaction:effectentswith high
Raven scores did well regardless of constructing or experiencing the VE, but students with low
raven scores did much better in the constructionist condition (p <.08&)experimenters
concluded the students with low ability were aided morehay constructing experiencén
alternative explanation is that the students with low Raven scores were simply aisemddr
population in the school systemvhose intelligence is not evidenced well in written tests and
who learn better by doing rathértan experiencingThe experiment was successful because it

revealed the interaction effect.

2.6.6.2Learning Sciencein an Immersive Virtual Environment (Winn, 2001): Students

were immersed in a virtual environment, which visualized the action of the tidesntcilows

and salinity levels in a simulation of Puget Sound in Washington State, USA. They were able to
investigate the dynamics of that system by "flying" though the simulation, adjusting the time
scale and introducing certain changes to the environtoestiserve the resulstudens received

a pretest of the topic materiaggrticipated irflearning exercises, and then completed a Post Test.

The hypothesis was that students would learn from the experience, and-PosteStest
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comparisons implied thishowever there was no Control Group, making the study weak

Nevertheless, they did record a positive restitients did learn from the simulation.

2.6.6.3Constructivism in Practice: The Casefor Meaning-Making in the Virtual World

(Osberg, 1997aftudents prodred a smallVirtual Environment (VE)which illustrates a natural

cycle (water, carbon, nitrogen or enerdyach student helped to build one educational VE then
experienced one produced by a different group. All students received a pretest and a Post Test
for the topic materials for both virtual environments s/he had contact RigtestPost Test
learning differences were compared betweg@) materials learned by constructing a,E)
materials learned by experiencing a,MB) traditional instructionand (4) no instructionThe
constructionist learning group learned significantly more than thestaiction Control Group,

but there were no other significant differences fobetiveen thegroups. Her study failed to

prove its main hypothesis, but didmdenstrate successful learning during the constructionist

activities

2.6.6.4Collaboration and Learning Within Tele-lmmersive Virtual Environments

(Jackson, 2000)Students learned about global climate change using Global Change World, an
immersive simulation of weather and climate conditions in the Puget Sound. &ealents

change (virtual) factors such as CO2 level, rainfall, and vegetation and observe the effects of
(simulated) global warmingrhere were three treatment groups: (1) students working,g@ne

ss udents working in coll aborative pairs, Nnseei
students receiving significant guidance from the instrucitwe central hypothesis was that

students would learn better with either type of collaborat®ecaise of significant testing

problems, Jackson judged the data to be too unstable to produce any conclusive results

2.6.6.5Water on Tap: The Useof Virtual Reality as an Educational Tool (Byrne, 1996)
Students used Virtual Chemistry World (VCW) to build molesulrom atomsThere were two
primary factors in the experimental desigmmersion versus interactivityrhe highimmersion,
high-interactivity condition was the VR version of VCWhe lowimmersion, lowinteractivity
condition was a twalimensional veisn of VCW. The low interaction, low immersion condition

was a videoThere was no higimmersion, lowinteractivity condition. The main hypothesis
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was that both immersion and interaction would improve learnig significant learning
difference was showhetween students who used the immersive VCW versus those who used
the twodimensional versianThis is probably because the VE in the immersive condition
conveyed no more information than the one in the-dwmeensional condition and did not have
any bette interaction optionsHowever, students in both interactive conditions learned better

than those in the neinteractive (video) condition.

2.6.6.6 Design And Construction Of A Virtual Environment For Japanese Language
Instruction (Rose, 1996)This study compark students' success at learning how to construct
Japanese prepositions using (1) standard-aelt learning exerciseg2) learning exercises
which include moving physical props to illustrate the meaning of each propostidn(3)
learning exercises sifar to those in the second condition, conducted in an immersive virtual
environment The main hypothesis was that learning outcomes for students in the second and
third groups would be similar and that both would be superior to those for treatmeResuies
were inconclusive, with no significant differences in learning between any of the giidups
was attributed to an insufficient number of test subjéidtis experiment attempted to compare
learning across different media and different teaching odsthwhich is very difficult (Mayer,
2001; Moreno, 2002b).
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2.6.7 The ScienceSpace Experiments

AScience Spaceo is a set of i mmersive educat.i

Mason University R. Bowen Loftin at the University of Houstand Dede'sloctoral student,
Marilyn C. Salzman (Dede, 1996Jhey conducted at least two formative evaluations of

ScienceSpace applications, one survey and three formal experi@gtitese experiments,

1. One was both strong and successful (Salzman, 1998).
2. One had aveak design, but was successful anyway (Dede, 1999).
3. One was weak and inconclusive (Salzman, 1999

2.6.7.1Using VR's Frames of Referencein Mastering Abstract Information (Salzman,
1998) This study used Maxwell World, which places the student in a VE featarimigible
model of a hypothetical magnetic fiel@ihe student can manipulate the shape of the model by
moving a (virtual) magnetic charge in or near the fidldle method of viewing can be (1)
exocentric, where the user sees the entire field and the clygpgars as a movable object, (2)
egocentric, where the user's view islgoated with the charge, as though s/he were the charge
itself, (3) both, where the student can switch from an egocentric to an exocentric view at will.
The hypothesiswvas that the &ocentric and egocentric viewsould each provide unique
advantages for learning different aspects of magnetic fields, and that having both modes
available would be best of all

Results from the egocentranly and the exocentrenly groups indicated sngths in
the expected (different) areas of the knowledge Post Testhéutsults were not conclusive
Students able to switch between both viewing modes produced the best learning Thsults
experiment was strong and successful, because (1) it losedrsive VR for its particular
strengths(2) it asked an important and useful questi@) the experimental design was sound,
(4) previous formative evaluations had improved the design and stability of Maxwell World, and
(5) the subject matter was contipée with the lowresolution graphics available to the

experimenters.
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2.6.7.2Multisensory Immersion as a Modeling Environment for Learning Complex
Scientific Concepts(Dede, 1999) Students in one group used EM Field, a respected learning
application which uss two dimensional representations of electromagnetic figtddents in the

other group used Maxwell World, which was restricted to provide the student with only an
exocentric view of a thredimensional model of an electromagnetic fidid both applicéions,

the student learned about magnetic fields by moving a virtual magnetic charge in or near the
field. The hypothesis was that students in the VR condition would give better answers to certain
guestions which require an understanding of the spatiattspf the material, which is what the
experimenters found, at (p < 0.0K)this experiment had been conducted in isolation, | would

cl assi fy, betausathe niimberafktest subjects (fourteen) was small for an educational
experimentHowever,the context of Salzman's (1998) study and the large number of formative

studies conducted by this group (at least three are reported) make the results convincing.

2.6.7.3 A Model for Understanding How Virtual Reality Aids Complex Conceptual
Learning (Salzman, 199): The experiment used Newton World, an Immersive VR application

for teaching kinematics and dynamicBhe student throws a ball against a wall, where the
student can change the properties of the environment such as friction and the elasticity of the
ball. Potential energy, kinetic energy, and other information are visualized through use of color,
object size and so orThere were three treatment groups with varying degrees of sensory
immersion (1) Visual only. (2) Visual and auditaryrhe user can hedhe ball bouncing(3)

Visual, Auditory and TactileThe user can feel the ballhe hypothesis was that the greater the
degree of sensory immersion, the better students' learning outcomes woblld significant

differences were found.

2.6.8 The NICE Projects

Research in collaborative learning with children in Immersive VR was conducted at the
Electronic Visualization Laboratory at the University of Chicago (Johnson, 1998a, 1998b, 2002,
2003; Roussos, 1997a, 1997b, 1999; Moher, 19889 core of the group Br. Moher and his
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two students, Johnson and Roussdweir studies used HMDs, but this group used the CAVE
which they networked to a bigall workstation and the Wel#t the time that the studies were
conducted, theéechnologyusedwas the most advancednd their experiments were the most
ambitious in combining many different factors initHearning experiments. They produced two

pilot studies and one weak experimental study (Roussos, 1999) which were all inconclusive, and

which showed only anecdotalidence of learning.

2.6.9 The Virtual Gorilla Exhibit

A set of Immersive VRED experiments was centered on the Virtual Gorilla exhibit at the Atlanta
Zoo. The first effort was a formative evaluation (Allison, 1997) followed by one weak and
inconclusive experimen{Bowman, 1999). Later, Hay (2000) conducted a constructionist

learning programme, an ethnographic study, based on the virtual gorilla application.
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2.7 VIRTUAL HERITAGE

Virtual heritage (VH) is the use of electronic media to recreate, or interpret, cattdireultural
artifacts as they are today or as they might have been in the past (Moltenbrey, 2001; Roehl,
1997). By definition, VH applications employ some kind of thd@aensional representation and

the means used to display it range from still photobntmersive VR We are interested in the

VH applications which are also VR applications. This section will detail the history of VH, and
advantages and problems specific to educational VH applications, with particular emphasis on
pedagogic agents and educadl Immersive VR General issues around adaptive pedagogic
agents are explaineoh section2.7.5 p85, and the use of Immersive VR for educational
experiments is explained secton 2.5, p41. Techniques for implementing VH applications are

described here

2.7.1 History of VH

Humans have always described their perceived cultural past with whatever communication
mediathatare availableThese have included single dimension narrative textsdimensional
paintings and drawings, thremensional models and fedimensional reenactments (height,
width, depth, time) Since antiquity, many cultures have used stgtuadr the dead, ritual
enactments of legends and history, and physical seatiels to represent people, places and
events Since the 18th century, museums and private collections have used dioramas, scale
models depicting (for example) people fraime past or distant cultures engaged in daily

activities.

76



Figure 16. The Cycloama at Gettysburg, US

The | ate 17th century saw the devel opment
placed on the interior walls of a cylindrical room so as to appear in natural perspective to a
spectator standng i n the <cent er -Mffin, 2000 Cyclaramasdowere Ho u g h
especially popular in the 19th century, and some are still in use today (Maloney, Al867h
the late 19th and early 20th cenésr physical VRIike attractions used props andti@s to
create an otherworldly experience for visitdrs one such installation, visitors boarded a mock
rockets hi p and Af | eTwey thénwalkednheoughmoseries of artificial caverns
staffed with costumed actors, all contrived to represdianeiful lunar civilization (Maloney,

1997)

Today, Aliving museumso recreate historic
life and important events. For example, Fort Snelling in Minnesota, USA, is an actualMaivil
fort, now staffed by acterwho interact with touristS his tradition continues in most forms of

electronic media, with film documentaries often presenting historical dramas and multimedia
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applications presenting animations and images depicting historical ficise the 1980's,
mainframe computers, capable of advanced graphics, have been used to build detailed virtual
models of existing and reconstructed artifacts (Jacobson, 2004c; Capassol2dés) many

Virtual Heritage applications use a desktop VR interface, while veryigsitmmersive VR

2.7.2 Advantages

By definition, Virtual Heritage applications always feature a tutieeensional model of some
cultural artifact or architectural spacéhese models, and the process of making them, have
several advantages for both researslagd educators.

For the researcher, higjuality 3D renderings of existing artifacts can make them
accessible to a wider audience while preserving the often fragile origimalsANeolithic cave
painting.)Threedimensional renderings are also anaéfnt tool for collaborative work, because
archaeologists around the world can share them e#sihe artifact itself no longer exists, the
act of reconstructing it forces the archaeologist to confront gaps in the evidence and
contradictions or weakness in existing theorie@-rischer, 2003; Levy, 2004; Champion, 2Q01)

The value of 3D modeling is so well recognized, that architects have been constructing 3D
models of planned buildings since ancient times, and CAD software is now a requiréat tool
mog architectural projects

For educators, a spatial model can be an efficient means of communicating a large
amount of visual informatiarOne detailed 3D model can contain as much visual information as
a large number of still images, and it leveragesuges's natural spatial perception abilities. This
i s especially 1important witimtaegcht edot umalt hse
information is encoded in the way the space looks to an obsémeEgyptian Temple is an
extreme example ohis, because the hieroglyphics, the larger painted images, and the conduct of
ceremonies are all tightly integrated, with the physical space itself being the main semantic
organizing principle. Such an artifact is best viewed with the space intact, feowatitage
points from which it was meant to be seknaddition, users find 3D renderings compelling, and
a good rendering of a beautiful monument is also beaufifuls helps users accepe
technology andcengage in the experiencé a 3D model appearto beautiful, it is likely to
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possesan added degree of perceptual coherence, which in turn can make it a more effective
vehicle for information.

Most VH applications present the user with an unchanging landscape to navigate or a
static object to exame As important and useful as this is, VR technology supports many more

options than simply modeling

1. Autonomous agents can represent ancient peoples conducting their business or interacting
with the user (Economou, 2001; Ulicny, 2002)

2. The VR interfacecan engage the other senses, using sound, touch, proprioception (sense of
balance), and even smell. By engaging the other senses, they can convey more information,
provide a more complete simulaticaand creata stronger sense of realism (of the object) o
presence (of the user in the virtual space). Examples include a virtual statue of a bull which
the user can Atouch, o6 (Nord, 2003) and a vi
the space with liturgical song (Karabiber, 200B)h e /i a cloeursit ti acigtdrés iso f

important and usually overlooked in VH applications.

3. Networked multiuser environments (ActiveWorlds 2004) allow distant students and
educators to A nmmleehvoonmentwhaech carhbe consiructed ffirtual
Heritage(Raalte, 2003; Santos, 2002).

4. Interaction and activity dominate engagement and are central to learningGpaBjeeking
activities are especially effective, and can be cast in the form of a game (Champion, 2004;
DeLeon, 2000).

As VR technology becomesiore widely available, it will be employed Mirtual
Heritage applications in novel way#®evertheless, all VH applications depend on good

interaction design and sufficient artistic quality.
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2.7.3 Problems

An archaeological reconstruction is necessarily piegogether from existing evidence whiish

often incomplete and whichequires many judgments during construction. Depending on the
level of conjecture tolerated by the reconstruction project, the builders may produce a
reconstruction based on one of sew@ompeting theories of what the artifact really looked. like
However, the final appearance of a static model is emphatic in the way it presents the model as
the way the artifactnust havelooked Uninformed viewers are likely to accept the model as
authaitative (Champion, 2004a; Frischer, 2008) static visual solution, like coding features

with colors or with opacity would seriously degrade the appearance and the effectiveness of the
model Temporal solutions, like toggling certain features on andaoéf,probably best, but they
complicate interaction design and are more difficult to implement.

Another problem is that archaeological evidence of any site reflects its entire history, not
some snapshot in tim&or example, ancient monuments with a loigjdry may have features
from more than one time perioBeciding what to put into the virtual reconstruction requires
considerable judgment and sensitivity from the auth®h®e Venice Charter (VeniceCharter,
2004) on physical restorations and reconstoastrecommends that all time periods represented
in an artifact should be respectésgluidelines from the Charter and agreements like it can be
helpful to VH designers.

Determining historically accurate simulations of ancient peoples and their actisities i
especially difficult (Weis, 2004 Most of the evidence of how they looked and what they did is
indirect, inferred mostly from ancient artwork, writings, and funerary arrangements
Nevertheless, this work is important, because the ultimate goal of brgheas to infer what
ancient cultures were like by examining their artifacts.

Unfortunately, Virtual Heritage is widely abused to produce misleading reconstructions
of archaeological treasures, usually for entertainment purposes (Moltenbrey, 2001)théfeile
is nothing wrong with Aborrowingdo materi al f
fictional recreations of the past mislead the audience for no pufpmsexample, the 2001 film,
AThe Mummy Returns, 0 shows a wa@nereaneesparrimg withn c i e n

Korean weapons (Sai) that won't be invented for miller@ree way to reduce the problem may
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be for genuine archeology to become more accessible to the public. VR may be a good medium
for doing this, just as television has beemtiyh documentary programming (AlA, 2004).

Finally, low resolution virtual models have been inexpensive and relatively easy to
construct ever since the early -cb9 gané elatedwh e n
technologies are now driving software arardware costs down even more. However, high
guality imagery and interactivity still require significant time and expertise to produce, primarily

because of the demands of the artwork.

2.7.4 Building a VH Environment

This section describes some of the methodsd ufor building threedimensional models,
especially architectural models , since they are ubiquitous in VH applications.

The first decision that must be made is whether the VH objects should be automatically
generated or const r uct signtfidi bispaliztiann emplays wsualb r a n ¢
recognition algorithms to build 3D models of buildings and objects using photographs or direct
sensor scans of the object's surface (Moltenbrey, 2001; Han, 2000; Kanade, 1997). For example,
Duran (2004) used GIS t@#ato autegenerate a simplified model of the historical section of
| stanbul, which his team i-Builtmddeld. Othenapplidatois wi t h
take 3D scans of museum artifacts and make them available on the web (Zheng, 2000). Still
others feature highly detailed models of existing monuments (Ledermann, 2003). Human faces
can be reconstructed using volumetric data (Attardi, 1999; Spice, 2004). The models are
generated automatically and embody a very high level of detail.

This approalk is superior for many applications, especially those requiring virtual
simulations of physical objects. However, the models produced tend to have a high internal
complexity, using unnecessarily complex geometry to produce the visual model. This makes the
models difficult to change, asust often done when the object is to be placed in some context,
when the virtual object is used as a starting point for a model of the artifact restored to some
earlier appearance, or when the model is intended for usenm laoger model, composited from
scanned components. Building a larger composite model from scanned components requires

modifying (usually trimming) the machingenerated scans of its parts, which requires some
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effort and judgment. Finally, the overtpmgdex models use a larger portion of the computer's

rendering capacity than models which are cons
Figurel7illustrates the advantages of haméde models for relatively simple objects. It

containstwo versions of a decorative block of masonry, The model made with 34000 triangles

(on the left) was produced by a higfdgcurate 3D scan. The modai the right contain1

triangles are mostly in the image maps applied to a-haatke 3D model. The imagenaps were

probably made from photographs of the original block. In most modern graphics cards for PCs,

performance is determined by the total number of triangles in the virtual scene. Texture maps

also require memory, but as long as the total amountedfcdted texture memory on the

graphics card is not exceeded, the effect on performance is usually much less than the savings

gained from using fewer polygons.

3D scanned: e
34000 triangles

Image modelled:
21 triangles

Figure 17. Example of shape vs. texture to produce d€Rapiaoanno@003)

Once the designer has decided whether to generate the materialatacady or
manually (or some combination of the two), a long, complex process is required to produce the
virtual objects or environment. Using archaeological evidence, VE designers can create models
and simulations of lost or damaged architecture, attifand peoples. As an example, we will
look at the manual reconstruction of an architectural space.
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The first step is to recreate a geometric model, usually based on drawings and
photographs of ancient ruins, depictions and descriptions of the spaog)(ih ancient artwork
and reconstructions (usually drawings or paintings) produced by earlier scholars. Once the model
is in place, digital Atextureso are applied
showing the surface of an object or a enal. Textures range in complexity from a simple
material (e.g. stone) to complex artwork (e.g. a fresco or mural). The artist then applies the
textures to the geometric for ms, in softwar e,
portion of the modl. For example, an image of a human face may be mapped onto mannequin
like head shape to create a 3D virtual statue. Finally, the artist specifies light sources, such as a
(virtual) sun or fires or candles.

The reconstruction process is time consumindy meticulous, and the artist's skill makes
a significant difference in the quality of the final result. The artist and the archaeologist/historian
work together closely, rebuilding the artifact or space by stages. Often the archaeologist will
have to makechanges to the reconstruction plan as the process itself leads to new insights
(Frischer, 2003; Levey, 2004). The degree of effort is greatly influenced by how much of the
architecture must be reconstructed from indirect evidence. For example, the Téfasléencthe
Pompeii project (Jacobson, 2004c) had to have all of its walls in place and properly decorated.
However, the artworks in the upper portions of the temple are completely missing, so it had to be
replaced in with wallrt from other monument3.o leave the walls blank would have made the
reconstruction's overall appearance highly inaccurate.

Creating Avirtual peopledo (agents) is a f a
applications have attempted (Economou, 2001; Ulicny, 2002; JacoB86bB¢c; Champion,
2004a; Raalte, 2003; Santos, 2002; Karabiber, 2002).-¢lighty models of virtual humans
must be sculpted using advanced animation tools, with joints fully specified. Then, their
individual motions (e.g.léx anelbow, bend at knee) amdore complex motions (e.g. walk, run,
sit) must either be individually crafted by the artist or driven by advanced software. For simpler
animations, usually based on VRML, the behavior of the human figures can be programmed
directly, but high quality moveant cannot be achieved without very great expense.

The most popular tools for advanced modeling and animation are applications like Maya
and 3D Studio Maxx. Midevel tools include UnrealEd (EpicGames, 2004) and Lightwave.
There are also many tools for YR modeling and animation which allow authors to create
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Virtual Heritage applications and to integrate them with slvabed applications inexpensively.
Newer VRML editors support rapid 3D design with sketching tools (Igarashi, 1999; Jung, 2002).
VRML does mt support high levels of visual detail and provides only minimal support for
animation. However, VRML is free and open source, has a very large user community (Web3D,
2004), is simple to program and integrates well withsvabed applications.

Finally, sptialized audio can be a compelling addition to a virtual space (Karabiber,
2002) and there is an entire industry which provides software and hardware for it. Even simple
sounds which activate and deactivate when the user comes near to some trigger dacalie

crafted to make the virtual environment much more believable.

84



2.7.5 Lifelike Pedagogical Agents

For educational multimedia and VR applications, a pedagogical agent is commonly defined as an
application which practively supports learning The ageneogtes within or as part of a larger
application and functions as an actor who supports the application's instructional design. The
agent may interact explicitly with the student or may act quietly in the background as with many
adaptive hypermedia applibans (sectior2.4, p32). An overt agent may communicate with the

user via preecorded text or audio segments, generated text or speech and/or presented imagery
(Chittaro, 2003, 204). Agents may also be embodied with a visual representation, usually an
icon, a face, or a complete body. Additionally, visible agents may use facial expressions and
body language to convey information.

Lifelike embodied pedagogical agents can help eihta software provide active
support for the learner (Kim M, 2003; Moreno, 2000a). They may be particularly useful in
Virtual Heritage applications, because agents can be a fully integrated into the virtual space and
into the subject matter itself. Fuetmore, the agents can be programmed to interact with the
student and to adjust to the wuserods | evel of
within the application. Generally, this approach helps the student feel embedded and embodied
in the vrtual environment (sectioR.5.11, p60). It also supports a more believable and functional
social interaction between the software and the student, which in turn constructivedyy@u
meant Constructivist? | f not, used fnNeffective
very similar) supports learning.

There has been little research featuring lifelike agents in Virtual Heritage applications
and apparently only one wita pedagogical agent (Economou, 2001) although agents are likely
to have the same benefits as with other educational media applications. This section will briefly
summarize the history, background, advantages and challenges of conducting educational
reseach with pedagogical agents.

In the 1970's, researchers experimented with intelligent tutoring systems (ITS), which are
educational software packages that use Al techniques to guide the student through a learning
curriculum (Boulay, 2001). At minimum, thespplications would guide the student through a

specific subject area using a set of interaction rules driving program behavior. Later, researchers
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recognized the limitations of the automated tutoring systems of the time, so they developed more
varied roks for programmed instructional intelligence. Today, the ITS databases contain large
amounts of subject matter and the interaction rules have become very complex as well. This is
especially true since recent advances in natural language processing (NeEPhdde make
humancomputer interaction increasingly naturalistic. The more advanced systems continually
model the student and respond according to the student's needs in light of the current learning
goals. The general trend is toward helping the stuttearct independently and to have more
control over his or her learning experience while at the same time supporting social and
cooperative learning (Cho, 2003; Dalgarno, 2001a, 2002b; Boulay, 2001; Hongpaisanwiwat,
2002).

Many desktopvVR applications emply agents. Some pedagogical agents are used for
educational experiments in MUDs and MOOs, (Bruckman, 2002b; Dede, 2004) while others are
used in stan@lone applications (Chittaro 2003, 2004; Megazina, 2002; Jiman, 2002). However,
no Virtual Heritage apptiation has yet implemented a lifelike pedagogical agent. Though many
Virtual Heritage applications have simulated ancient peoples with programmed humanoid agents
(Gauthier, 2003; Jacobson, 2005c; ACID, 2004; Karabiber, 2002; Ulicny, 2002), few of these
agents are intelligent and none are programmed to guide the user though a learning process. The
only Virtual Heritage application | know of which uses any kind of pedagogical agent is SENET
which employs a desktop VR style window surrounded by a frame. Tém@ &gin the frame
(Economou, 2001). Finally, I am not aware of any educational experiments with Immersive VR
which have employed a pedagogical agent.

The technology for building lifelike pedagogical agents in Immersive VR is now
available and more reseérin this area is needed.

A lifelike agent can convey a great deal of information through its facial expressions,
body language and motion, all of which can leverage on the agent's narrative and the context
provided by the virtual environment. Most imfontly, a lifelike agent can employ the rich
semantics of gesture and expression which support verbal communication. For example, the
sent enc ethatdvddtherepauti s only intelligible in a v
points to an objecttlfat) and some locationt{erg. Having an agent convey information
employs dedicated capacity in the human sensorium, which supports rapid recognition of

emotional states, social cues and language.
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Studies show that users regard these social interactional ande(mentally) work hard
to benefit from them (Picard, 2000; Hongpaisanwiwat, 2002). The appearance and behavior of a
pedagogical agent has an important effect on whether the student likes or dislikes the learning
experience and how s/he values theray application. Recent research on affective computing
(Picard, 2000) has shown that people treat computers as social actors and judge the computer's
performance as such. All other factors being equal, an agent which is crafted to interact
agreeably withthe user should gain user acceptance and cooperation in learning tasks (Fong,
2003).

Constructivist learning theory holds that the student learns best in an interactive
environment where s/he has significant influence on the learning experience. Tlealrest
interaction, according to Constructivists, is social interaction where the student receives help
from instructors and fellow students and generally participates in the social construction of
knowledge (Vygotsky, 1978).Depending on the degree illigence programmed into it, a
lifelike pedagogical agent can provide learning support similar in important ways to that which
the student would receive from human collaborators.

Recent survey articles (Kim M, 2003; Clarebout, 2002; Hongpaisanwiwat, 20023
few individual studies (Kim Y, 2003; Craig, 2002; Williams, 2004; Qi, 2002) show that the small
amount of research on animated pedagogical agents has had little success. There are a number of

possible explanations for this:

1. Pedagogical agents are rfelpful. Given the successes that have been found with

other types of agents, this is unlikely. Probably, they only need to be used correctly.

2. Introducing a pedagogical agent to a learning application changes the nature of the
learning experience so mudhat comparisons between the agent aneagent
conditions are not meaningful. In effect, it becomes a amstia comparison. While
it is certainly possible that this is true for certain experiments, it seems unlikely that

this is a problem with most egpments in this area.

3. The test measures are flawed. This is unlikely, given their long history and the

number of experiments which use them successfully in other contexts.

4. Most implementations of pedagogical agents are poor, or they are not usedtiaell in

instructional design. Given the novelty and complexity of both the technology and its
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educational use and the fact that the agent can affect the student in many ways, there
are more opportunities for confusion and mishap. Also, the technology fortenmgma

visual agents can become very complex and difficult to implement successfully.

5. Pedagogical agents do facilitate learning, but not in ways captured by the outcomes
measures, because the tool (the agent) may not be appropriate for the pedagogic goals
of the test. | believe that this is the most likely explanation. The goals of
Constructivist learning focus on higher levels of learning (i.e. transfer, learning how
to learn and learning how to collaborate). These types of learning are not measured in
many standardized knowledge tests which tend to emphasize factual and conceptual
knowledge. While the experiment itself may not have been conceived as a

Constructivist exercise, pedagogical agents appear to be best suited to that approach.

More research is meled to determine the best way to employ lifelike pedagogical agents,
especially for Virtual Heritage applications. Of particular interest is discovering how to employ
agents in ways that are uniquely advantageous, probably though stnda@gent role @ying.

Another important research direction is the development of more advanced displays which would
allow students and educators to see more of the reconstructed environment(s) and interact with it
in novel ways. The effective educational use of immerdisplays is a primary concern for this

review, and requires a carefudamination ofthe existing research.
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2.7.6 Current Activity in Virtual Heritage

Virtual Heritage is an active area of research, especially in the last geaenichell 2000,
Champion,2004a, 2004b, 2004c; Addison, 2000; Moshell, 2002; Roehl, 1997; Stone, 2002,
Levy, 2004). This is due to the ubiquity of VRML, the rapidly declining cost of computer
hardware and thgrowth of the World Wide Web Now, a general trend in VR applications
towards the use of computer game technologgnaking realtime animation and high detail
affordable (Lewis, 2002; Dalgarno, 2002a; Young, 2000; Pivec, 2003b; Bruckman, 2002a;
DeLeon, 2000; Tougaw, 2003; Stpr2003; Jacobson, 2002a, 200dnd VH researcherare
takingadvantage of it

Table2 lists activity in the field along with the appropriate references

Table 2. Virtual Heritage Projects

Dedicated conferences VAST, 2005

Conferencesvhich devote significant time to VH VSMM, 2004; Eurographics, 2004; iGrid, 2000

Dedicated research labs, companies |Frischer, 2000, 2003; DWI, 2004; MIRALg
organizations 2004; 1AA, 2004; CVRLab, 2004; LearningSit
2004; VHN, 2004; OnlineArchaeolgg 2004
VirtualHeritage, 2004; VWAI, 2004

Individual projects 3Dweb, 2004; ACID, 2004; Arabesk, 2004; BE
2004a; BBC, 2004b; Beacham, 2004; Burg
1999; Dudley, 2004; Duran, 2004; Econom
2001; Gauthier, 2003; Grajetzki, 2003; Hollow
2000; HughesC, 2001; Karabiber, 2002; Kuf
2004; Kwon, 2003; Ledermann, 2003; Leh
2003; Levy, 2004; Hughes 2001; Nord, 20
Oliverio, 2003; Osmosisinc, 2000; 2004; P:
2003; Tam, 2004; Tennant, 2003; TimeRef, 20
TrajanForum, 1999; TroiaVR, 2003; TutTon
2001; Udine3D, 2004; Ulicny, 2002; Valzar
2004; VIHAP3D, 2004, VirtualArcheology, 200
Zheng, 2000; Jacobson, 2004a
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VH applications which employ computer ga
technology.

Stone, 2002; Economou 2001; Schulman, 1
Champion, 2003, 2004b; Osmosisinc, @00

Projects centered on reconstructions
architectural spacesThese virtual environmen
can be navigated, but are otherwise empty an
interactive They are almost always part of so
larger application or instructional desigQuality
ranges from &ry simple to moderately comple
and all are useful.

Hughes C, 2001; Holloway, 2000; Frischer, 2(
2003; Freudenberg, 2001; Beacham, 2004; K
2004; Learning Sites, 2004; Ledermann, 2(
Lehner, 2003; Levy, 2004; Oliverio, 20(
Osmosisinc, 2004; Rmj 2002; TimeRef, 2001
TrajanForum, 1999; TroiaVR, 2003; Valza
2004; Zara, 2003; Grajetzki, 2003; BBC, 200
Jacobson, 2004a

Virtual reconstructions of certain artifacts |Tam, 2004; Zheng, 2000
optical scan
VE applications which use architectlUdine3D, 2004; Arabesk, 2004; TutTomb, 20

reconstructions as their base environment, bu
also responsive to the user in some way.

Jacobson, 1998

Architectural  reconstructions  which have
autonomous agents populating the virtual sp
The agentssimulate the activities of ancie
peoples performing daily living activities
religious rituals.

MIRALab, 2004; Ulicny, 2002; Gauthier, 20(
ACID, 2004; Karabiber, 2002; Papagianna
2003, 2004b; Jacobson, 2004c

VH applications which have some degr of
networking, allowing more than one user to e
the virtual environment.

Oliverio, 2003; Pape, 2000; Park, 2003; Jacohb
2004a

Networked VR applications.

Raalte, 2003; Santos, 2002

Networked VR applications which resemble on
communities.

SeondLife, 2004; There, 2004; MUVEES, 2004

Applications which use their multiser capability
to allow instructor/operators to control avatar
help create the experience for the user.

Hughes, 2001; Economou, 2001

VH applications where the most import{Karabiber, 2002
information is convey through sound.
VH applications where the most importiNord, 2003

information is convey through touch.

VH applications which provide visual immersi
for the user Quality, capability and method va

widely.

iGrid, 2000; Pape, 2000; Park, 2003, Jacohb
2004c, 2004d
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VH applications using augmented rea
techniques The user moves though

archaeological space and receives additi
information in the form of imagery imposexhto
or into his field of view This creates the illusig
that the computer generated objects and a

exist in the real world.

Papagiannakis, 2004a, 2004b; Ruiz, 2002; Sin
2001; Addison, 2002

While some projects employ immersive

displays, the great majority of VH applications

and activities employ Desktop VBased on statements of future and intended work appearing

in the publications listed above, there is much interest in making the VH applications more

dynamic and responsive to the user, espec

ially with the introducticeniofated agents

Accordingly the next two sections will look at research in adaptive hypermedia and lifelike

pedagogical agents.
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3.0 EXPERIMENT

In this chapter, we will describe the experiment at the heart of our study. After a brief
introduction, we will disuss the contribution we hope to make the literatudext, we will
describe the learning gam@ates of Horuswhich all students played and immersive and-non
immersive interfaces which are the basis for our main experimental comparison. We formally
stak our hypotheses and describe in detail exactly who we were testing and what we can do.
Next, we describe how we gather the data, and finally we list potential threats to validity of our
expected resultdVe will detail and analyze the actual results itiofwing chapters, but we can

say we are pleased with the outcome.
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3.1 INTRODUCTION

We hope to demonstrate thah immersive visual display superior toa standard computer
monitor for learningcertain kinds of information which contain important spatiadl aisual
elements. Specifically, we willnvestigatehow well middleschool students learn Egyptian
religious architectur@ising an interactive computgame. We will compare results achieved by

students using a standard desktop computer monitor versesdking an immersive display

Figure 18. The Sanctuary of the Virtual Egyptian Temple displaying in the Earth Theater.

Students interacted with the material, by playing a learning game of our own design,
calledGates of Horusa singlestudent mystergolving gamelt featuresa simplified model ofa
classic late period Egyptiaiemple which isdesigned to embody atlhe key featuresof such
temples with a minimum of clutter. We chose this topic, because Egypt appears midust
school curricula, and the temple was the center of Egyptian publid-bieeacharea of the
temple, apedagogical agenthe highpriest, explains features of the temple when prompted by
the student. To complete the game, the student must atis@rest's questions to open doors
to progressively more secret and important areas of the tefffpestudent "wins" when s/he
answers the final questions #oat the god, Horus, will open a divine gatewawgd letthe

blessings of heaven flow to the thn

93



We conducted all testing at the Earth Theater of the Carnegie Museum of Pittsburgh,
which features a partial dome display providing visaaiersion for up to sixty peoplerdm
area school<ivic organizationsand individual families, we recruitedyaty-five middle school
students (grades-8) to come to the Earth Theater and plagtes of HorusAs each student
came in, we randomly assigned each student to one of three groups. Each studértieatdre
Group playedGates of Horususing the immeise dome displayEach student in thBesktop
Group played the game on a standard desktop computer arem adjoining the main theater.
Members of th&Control Group also played the game on a standard desktop but took the test for
basic knowledge of themplebeforep| ayi ng t he | earning game. The
the Post Test take the place of a knowledge pretest for the other two grbigos necessary
because any questiamdanswer pretest given to the Theater and Desktop Groups would reve
too much information about the temple itself, and distort or ruin our test results.

We expected students playing the game wighvilsually immersive display tearn more
information, retain it longer, and like it better. We also expected that stbdenéscoo a véssal
reasoning test, Ravenos p rbe gorrelatesl i withe theimeestr i c e s
outcomes, in some way. Either students with low RPM scores will have more to gain from the
immersive view or those with the high scores @lficken 1991 Winn 1997%.

Here, we summarize thexperimetal protocols gection0. p121), in the order the student
experiences them

1. Pretest Take a pretest for general information such as theiudéitowards VR and
Egypt.

2. RPM: Compl ete a visual i ntelligence test, Ra
1949; Gregory 1999)f in the Control Group take a writterPost Testa fairly typical
multiple-choice and short answer guitien, proceed h the following tests.

3. Game Logs Play the learning gam&ates of Horusto completion. The software logs
all activity for later analysis.

4. Drawn Map: Draw a map of the temple.

5. Magnet Map: Place small magnets representing features of the temple oreatcoap

of the temple.
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6. Video: Give a guided tour of the temple, navigatitg model of the temple on the
computer, explaining its purpose and features. The tour is videotapéatenstored by
evaluators.

7. Post Test If not in theControl Group takethe writtenPost Testthe same one member
of theControl Grouptake before playing.

8. Follow-Up: One to two months later, the student completes an online quiz which

measures knowledge of the temple

We gathered results for the Pretest and the RPM tesiofoparative analysis with our
primary measures of relative student performance. The other tests and the game itself provide
measures which we used to directly compare average performance of students in the three
groups In this section we will describeuo experimental design in more detail and how we

instrument the protocols.
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3.2 RATIONALE

The goal of our study was to determine whether a visually immersive display can have a
provable advantage over a nommersive display for topics in cultural heritage.

We chose the Egyptian Temple as the sample topic for our learning study, bbeause
templewas absolutely central to their life and culturad because is appropriate for the virtual
reality medium. The temple itself, the hieroglyphics, the painted @sjagnd the conduct of
ceremonies are all tightly integrated. The physical space itself is the main semantic organizing
principle. The temple is best viewed with the space intact from the vantage points from which it
was meant to be seexiisual Immersiontakes this one step further, providing egocentric
view, which allows the observer to view the temple from the inside, as it was meantiéovbd
in real life. To our knowledge, ours is the first formal experimental study in the Usenefrsive
VR for virtual heritage.

We chose the game metaphor for the advantages descrifection2.4.6 p38. With the
temple, we saw a design opportunity in the information structure of tgldeand supporting
materials. We were able to structure the learning goals and activities in a way that is inextricable
from the topic matter itseliSeesection3.3, p98, for detals. To our knowledge, only Winn
(2001) structured atmmersive VRlearning experiment as a game. Our study would be the
second.

The most difficult and important goal of our study was to demonstrate how an immersive
display could have more utility than &eaper desktop monitor in a realistic situation. Several
previous studies failed to do this (Moreno, 2002b; Byrne, 1996; Rose, 1996; Salzman, 1999) and
only one succeeded (Salzmah9 9 8 ) . Guided by Salzmanbs expe
experiment in ters of the effectiveness ain egocentric view versus exocentric view, and their
appropriateness for this particular topic matter. We also thought it important to test for the
difference between short and letegm retention, and the interaction betweenestadt s 6 | e v e |

visual skill and the display type.
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We are pleased to report our study was successful in its major goals, which we will
discuss in our conclusiorection 7.0 p236, First, we will describe the learning game, our

experimental design, and our basic results.
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3.3 GATES OF HORUS

Gates of Horuss an educational game based on a Virtual Egyptian Temple (Jacobson, 2005e,
2004a), which provides both the content and the structureup learning experiments. The
temple has no realorld analog, although it is constructed mostly from elements of the Temples
of Horus at Edfu (Arnold, 1999) and at Medinet Habu (Chicago, 1930). Its purpose is to embody
the key features of the typical NeKingdom period Egyptian temple in a way tlaat untrained
audience can handleThe temple consists of four major areas, the extefylof), the
Courtyard the Hypostyle Hall and the inneBanctuaryarranged in that order and separated by
gateways.

Compared to a real temple, the virtual Egyptian Temple model is simple, having only
enough detail to represent the key features reqienire 19). For example, there is only one
of each of the four types of areaghile an actual temple might have had sev€@irtyaré¢ and
Hypostyle Hals. Similarly, the hieroglyphics are larger than they would be in an actual temple to
make them more legible. There is a copy of the high priest in each of the major areas,
functioning asa pedagogical agent. In this way, isisilar to the Virtual Notre Dame Cathedral
(DeLeon 1999)Nevertheless, the scale and proportions of the spaces are correct, hieroglyphics

make the appropriate statements, murals and statuary are in tipar focations, anslo on.

Figure 19. Temple of Horus and the high priest
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Il n the game, the studenfpenavngatveewt hevhteel
screen is made to look like a window onto the virtual world. §tbhdent is able to use the cursor
to click on individual features of the Temple, which prompts the priest in that particular area to
explain that featureds meaning. To progress f
must answer all of the rist 6 s q u e st i Tthe questionsrare baseal entiraly om avhat
the priest has to say about that areads acti v
these questions, the Gateway to the next area the Tep@hswhich the student exptes and
learns about in the same wahe student wins the game when s/he answers all of the questions
from the priest in the inner SanctuaMetaphorically, this makes the divine image of the God
speak, and bring the blessings of heaven to the langyqitE

Gates of Horusu s e s Ca v eib Toggsg fbnationls to record everything that

happens in the gam#&/e make use of this in our experimefssction6.2, p200).

3.3.1 Interface

Gates of Horusis based on the two freeware packages, CaveUT and VRGL (Jac@OSai)

and a commercial game, UT2004 (EpicGan2®94). The student avigates and interacts using

a mouse. In our experiments, students used a special type of cordless mog,otheuse
(Figure 20, below) as a reasonabbffective device for navigation and selection (Dun@006
Herpers 2005 Olwal, 2002 Pate] 2001, Hafner, 200Q Winograd 2000).All of the test subjects
playedGates of Horusising the Gyromouse, regardless of whether they were using a desktop

computer or the immersive display.
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Figure 20. The Gyromouse

To the operating system, the Gyromouse appears asi@asdatwebuttonwith-wheel
mouse, but in practice it is somewldfticult to use.By holding a trigger on the underside of the
mouse one could activate the ability to turn, whichthen donéy moving the mouse in the
directionthe student want to tumr look. Thestudentcanalso move forwards and backwards by
pressing thdeft and right mouse buttonBinally, to exit navigation mode and to go into cursor
mode thestudentpresseshe mouse wheel.

In cursor mode, thetudentcan select an objectbyma ng t he cursor MRAoOVE
the composite screen like a very large image map on a flat webhpagever, the targeting is
threedimensional allowing thestudentto select the same object from many directions. For
example Figure21, below, showsa hawk statue ifront of thetemplewith the targeting cursor
overit. The cursor also indicates when it is over an active object by turning green (not shown).

Down on the little mouseheel changes the interface back to navigation mode.
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Figure 21. Hawk statue and object selection cursor.

In the Desktop and Control conditions, eadmputer was equipped with a monitor, a
keyboard (which went unused duringameplay), the Gyromouseand two headphones
connected to the single sound port on the computer viasplitter adaptor. During play, the
student would hear the voice of the priesbne pair of headphones. During the training phase, a
tester would weathe other headphones to hear the prigsb In theTheater conditionve used
wireless headphones.

In the Theater conditiorGates of Horusises CaveUT to displayn the main screen of
the Earth Theater, multi-projectorpartial dome, shown here Figure22, Figure23, Figure24.
The Gyromousebasedcontrol of the cursor angeneral interactiowith the gamereexactly the
same as with the desktop conditiorlowever, usingmmersive display has a largeactical
effectin the way the studemterceives the virtual spaagavigates through, and selects objects.
For examplestudentsvith animmersive viewoften learn to (virtally) moveless anghysically

look more taking advantage of the wide view.
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Figure22A Movi ngo through the Virtual Egyptian Ten
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For the purpose of illustratiorhe person irFigure22is stamling too close to the screen
In our experimenthe student was located whefegure 23 and Figure 24 indicate, slightly
forward of the center of the sphere defined by the curve of the main screen. We allowed the
studento sit or stand, according to their wishes

Interestingly, students who have played first person shooter games tend to waste the
advantage of the immersive display by ef@rusing on the center of the screen, navigating as
they usally soin their desktp-centric gamesStudentsywho have not playedamesof this type
tend to have a harder time learning to navigaie deelop better search strategieSur

(anecdotal) observation is that both types of students appear to do equally well.

3.3.2 Training Phase

The student begins the game facing Thelstidegi de

will interact with the experimenter and with the software to learn how to play the game.

1. The training session begins withe student (virtually) facing the paof the temple
shown in Figure 25, below. The experimenter demonstrates the proper use of the
Gyromouse, and lets the student navigate around the exterior of the Temple, until s/he

appears to be comfortable with it

2. The experimenter then demonstrates object selection, again using the Gyromouse. The
experimenter supervises the student as s/he selects random features of the temple, until

the student appears to be proficient.

3. The experimenter asks the student to naeidgack to where s/he began, to see the view

in Figure25, below.
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Figure 25. Training Area

4. The experimenter directs to student to click on the priest, which triggers a voice

recording,"Before you begin the game, we will show you how to play using this small
example.You are looking at the Egyptian priest and side of the temple, which is behind
him. On the wall, you can see that two hunriidke images are highlightedNotice how

they arefacing each other and the things around them. Please click on each highlighted

feature to find out what it i s. 0

. When the student clicks on the figure on t
offering something good to the Rareaded god, KhnumiVhen s/he clicks the figure
on the right, s /| h eéHeated gad,sKhnitr, eicesvingi adgifomh e  Ran

Pharaoh. o

. After having clicked on both figures and heard the recordihgsstudenh e ar s , ANOt I
how the cursor changes color when itveoeither one of the figures. Pay attention to the

color of the cursor, because there are interesting things in the temple that you will want to
click on, but they are not spotlighteNext, you will have to answea question.To

answer 'yestlick the rght mouse oncelo answer 'no’, click the right mouse button

twice, quickly.This is sometimes called a 'doulaliéck’. Please try it now."

. From this point, on, each time teudentsingleclicks the priestthe recorded voicsays
fiPlease try again. €k the right mosge button twice, as fast as you can."
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8. Whenthe studentdoubleclicks, the priest said"Good! Now make a 'yéanswer by
clicking the mousegnce." Every time thetudentdoubleclicks, the priestsays "Please

try again to make a 'yesy lalicking the right mouse button only once."

9. Whenthe studenproducea a singleclick, using the proper button, the prigslys "Good!
Now, click on the priest, and answer his sfien with a 'yes' or a 'ndWhen clicked
upon, the priesasks "In the mural in front of you, is Khnum reaching out for Pharaoh's

present?"

10.Each time thestudentstudentindicated,"Yes the priestwould reply "Your answer is

incorrect, please try agaits. Khnum reaching out for the present from Pharaoh??

11.When the studerdnsweed fi n, othe priest said "Correct. You are now ready to play

the gamePlease go to the front of the temple."

12.The experimenter direstthe student tanove to the front of the tempknd movesthe

view to approximate the scenekigurel19.

13.The experimenter gi ves (Apderdix § p353)ite help the o u r i
student find the most difficult clues in each area. We had discovered the ndeestor
during pilot testing.

14.The experimenter stays with the student, ready to answer questions, while the student
works through the Pylon stage of the gaiiée collect and analyze datehile the
student is working with the pylon, but we are careful aloloawing any conclusions from
it, because this is still a part of the training phase.

15.When the student has finished with the pylon, and the main gate of the temple opens, the

tester leavede student to complete the game.

3.3.3 Gamelogic

The followingisadecr i pti on of the | ogic which support.

Because these are generic instructions on how to play the game, we use the present tense.
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3.3.3.1Definitions We use the following termi all further discussion of the Temple and the
experiment.
1. Area: There are fouareasassociated with the temple, the Pylon, Courtyard, Hypostyle
Hall and Sanctuary. The interaction logic for each area is the same, except where noted.

2. Priest: Each Area also haspgiest standing near the closed gatdhie next area.

3. Goal: Each Area has goal, which is a concept or idedhe goal has two or more

guestions associated with it.

4. Clue: A clueis one of the short voice recordings which explain something. For example,
when the student clicks on the hawkstbe ceiling, the recording it triggers is called the

Ceiling clue. Each goal has two or more questions associated with it.

5. Feature. Each clue is associated with a temfdature which can be anything. Some
features are spotlighted. When the cursor er @ny active Feature, the cursor charige

the Aactiveo col or.

6. Activate: Whenthe student clicks on a temple Feature, sfitevatesthe clue associated

with it. Until that clue is Complete, it icavated.

7. Introduction: Each Area has a clue call&gtroduction and is Feature is a particular
patch of groundFor the Pylon, it ishe Area in front of the temple, large enough to find
easily and with some fAempt yoFostheaCowtyaldt we e n
is the Area just inside the dofrom the outside. For the Hypostyle Hall, it is the Area
near the door to the Courtyarand for the Shrine it is the Area near the door to the
Hypostyle Hall.Of the last three,azhon is positionedso that the student will (virtually)
enter it the fist time s/he enters the AreBhe intro Area is indicated with a riRgf-
smoke effecjust over groundin all other ways, each Introduction is functionally the

same as all the other clues.

8. Each clue has sever@luestionsassociated with it. The questioase always in yes/no

form, and always asked by the priest in the room.
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9. Each clue also has Vdew associated with it, which is the ideal (virtual) location and

orientation for the student to see the corresponding feature of the temple.

10.When the student bBacorrectly answered enough of the questemssciated with a view
we say that the clue Somplete Similarly, a Goal is completed when all of its questions

are answered correctly.

11.Until all of the clues have be&€ompleted, there is always one and ooihe cluethat is
called theCurrent Clue It is always (1) Activated?) not Complete and (3) the clue most
recently clicked. There could be two or more clues that the student has heard, but which
are not completeThe Priestkeepstrack of which clues ar currently Active and the

student s most recent answer to each quest

3.3.3.2Actions Here, we characterize the basic rudéthe game.

1. The student may trigger an Introduction audio recordimgy once, by (virtually)
walking ato the aea associated withti Entering the area agawvill not trigger the
introduction recording. However, the student may trigger the introductory recording at
any time by clicking on th#oor just inside the door to the area. That part is indichyed

the smoke ring effect.

2. Each time the student clicks on the priest ag&he will heaquestions associated with
features in the area or goal questions about the area as a Wimkudent answers with
a Yes or No, using theultons on the mouséf the student immediately clicks on the
priest, again, the priest will repeat the question.

3. Once a student has answered a question correctly, the priest will never ask it again.

4. If a student has answered a question incorrectly, the priest will ask sbereqaestion
associated with the same cl@nly if no other questions remain will the priest ask the

incorrectly answered question immediately again.

5. 1 f the student ésscondnmosgraaswer forsthatciussce the timie that
clueddngplayedort he studentds view wil./l aut oma

and the student wilplayajamar the cl ueds recor
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6. The student may click on an active featur e
that clue isnot Complete, itwill become theCurrent Clue regardless of whether one or

more clues are currently active.

7. When the Current Clue is completed, a previous clue that the student has heard, but has
not completed, will become the new Current Cldieno clues are active, bdhere are
still clues the student has not yet heard, the priestingiliuctthe student to go hunt for

more clues.

8. When all clues in aareaare complete, the priest will ask questions related to the goal.
When the goal is complete, the priest will goatulate tle user and the gate to the next

areawill open.

9. When the student successfully answers al/l
speak, congratulating the student on winrtimg game.

3.3.4 Statementsand Questions

This sectiongives the full tet for each clue in the Temple, the questions associated with each
clue, and the goal questions associated with each @heaname of each clue indicatdse
feature to which it is attacheé&ach clue is preceded by its name and a description of how to
adivate it. Each question is followed by its correct answer in parenthBseause this is generic

information about the game, we use present tense.
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3.3.4.1Pylon Here, we describe each clue associated with the pylon (front) of the Taangdle
all the questionsssociated with each clug each description, the first sentence describes the
action the user must take Aztivatethe Clue The second sentence gives the text of the Clue as

the student hears Each question is followed by its correct answer.

Figure 26. The Pylon

1. Intro: To hear this clue, the student enters a white circle on the (virtual) ground, which
marks a touctirigger volume in the front of the templ&he very large front of the temple is
called the 'Pylon'. Its gigantic, impressive, and colorfully decorated, but the colors have
faded away over time. The massive east and west halves represent the mountains on either
side of the NileThe Pylon is a symbol of what Egypt could b&d' hear the introduction,
again,the student can either go back to the starting position (in the circle) or click the circle.

Q1. Is the whole temple as massive as the Py(an}y
Q2. Was there originally more color in the decorations on the Plget)

Q3. Just from what you see of the Pylodoes the temple seem well ordered and
designed?yes)
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. King: Click on the very large scene spotlighted on the left part of the temple. "Pharaoh is
depicted on a grand scale, shown defeating the enemies of Efgmiod grants Pharaoh the
power and autbrity, represented by a swor@ihe Egyptians believed that this was the way
things were supposed to be."

Q1. In the battle scene, is Pharaoh winninges)

Q2. In the battle scene, is the god also beating Egypt's enei@s?

Q3. Do the gods give Pharaoh the auityoto defeat the enemies of Egy{y2s)

. Hawk: Click on either hawk statue flanking the Main entrance. "I am Horus, the god of
Kingship. The hawk is my symbol and this is my temple. The image of Pharaoh beneath the
hawk's breast shows that | protect hior, Pharaoh and the gods are united for the good of
the world.l represent all gods, and Pharaoh is the link between the people and the gods."

Q1. Is there disunity between the gods and Phar&od)?

Q2. Does the hawk show that this is the temple of Ho(usS)
Q3. Is it important that the hawk statue protects a little king sta{uees?

. Disk: Click on the winged disk over the main gate. "The winged disk is a symbol of unity
and protection, helping to guide you through the temple. It represents the divif@rdde
which flows from heaven and into all things. The disk is a symbol of the world according to
the Egyptians, representing creation, life and especially protection. "

Q1. Does the winged disk represent uniy@s)
Q2. Does the winged disk guide ythroughthe tempé?(yes)

Q3. Does the winged disk represent war? (no)

. Pylon Goal Questions The Priestasks thesewvhen the student has answered all of the other
guestions abouhe Pylon

Q1. Did the Egyptians think the world was orderly? (yes)

Q2. Does the scene where Pharaoh eating theenemies of Egypt lsow what the

Egyptians wanted@®es)

If the student's answers to these questions are satisfactory, the gates to the Hypostyle Hall will

open.
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3.3.4.2Courtyard Here, we describe each clue associated with the Courtyard of the Temple,

the same way we did for the Pylon.

Figure 27. The Courtyard

1. Intro: Enter theCourtyard. "The Courtyard is an open and undivided space, made for large
religious celebrations and rituals. Everyone comes to these eveneddretise same simple
garments. They do this to show how all people are equal and humble before the gods."

Q1. Does Pharaoh come to the Courtyard, sometirfyes)
Q2. Can ordinary people go to the Courtya(ges)

2. Floor: Cl i ck on the f | evolumewa$dergerefl dndhe codrtyardi fillingg g e r

abouttwo-thirds of the space. It gte short of the columns and the ramp into the Hypostyle
Hall. To hear the introduction, again, go back under the courtyard gate to leave the trigger
volume, or click on theraa under the doofThe Courtyard was a wide open space, without
subdivisions.It held large religious celebrations amiduals. Everyone dressed in simple
garments to show that they are humble before the gods."

Q1. Isthe Courtyard divided into differentesas for different peoplg®o)

Q2. Do rich people wear fancy cloths during the celebrations t{eg?
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3. Sky: Click the sky above the Courtyail he open sky over the Courtyard reminds us of the
connection between heaven and ealthEgypt is united under #sun, which embodies the
creator god, Amog.

Q1. Does the sun embody the god, Amon? (Yes)

Q2. Was there a purpose to having no roof over the Courtyard? (yes)

4. Festival Scene Click on either wall, behind the columns on the long sides of the space. The
trigger voumes should approximately run the length of each wall, except for a blank spot
behind the spotlighted columfiChe celebrations here are joyous events showing the peoples'
gratitude to the gods. It is a sacred duty, a serious business, but also an enjoyabl
Everyone brings the best things they have to give, as further offerings of gratitude.”

Q1. Do people come to the Courtyard to complain to the gods? (no)
Q2. Do the people give their worst things to the temple? (no)

5. Offering Scene Click on the spotlightedffering scene to the right of the gateway to the
Hypostyle Hall. "On behalf of all Egyptians, the King gives thanks by offengry good
thingdto the god, who is their creatdn. return, he blesses the King, the land of Egyptitnd
entirepeople wih life and prosperity forever."

Q1. Does Pharaoh represent the people's interest before the(gesls?
Q2. Do the gods give the King something in return for his offerir{ge8)

6. Columns; Click on the spotlighted column. "The king and god embrace, representing
humanity and divinity coming together in a public wahe King represents all Egyptians,
while Horus represents both the gods and the natural world."

Q1. Do the king and Horus spend all their time in the Courtyémdy
Q2. During the celebrations, were the god &traoh symbolically therg®es)

7. Courtyard Goal Questions The Priest will ask these, when the student has answered all of
the questions, above.
Q1. Did the people give thanks to the gods as a community? (yes)

Q2. Did the people bring gifts with them to the feat? (yes)

If the student's answers to these questions are satisfactory, the gates to the Hypostyle Hall will

open.
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3.3.4.3Hypostyle Hall Here, we describe each clue associated withHy@ostyle Hallof the

Temple in the same way we did for the Pylon.

Figure 28. Hypostyle Hall

1. Intro: Enter the halko trigger the recordinglo hearthe recordingagain,go back under
gate from theCourtyardto leave the trigger volume, then enter it again, or click on the area
under the gaté U ikd theCourtyard theHypostyle Hallwas a quiet and private place. Only
the literate people, the upper class, ever came here. They conducted small private ceremonies
to honor their ancestors. This is another way for the people to connect with beaven.
Q1. Do people revere their ancestors here? (yes)
Q2. Can anyone come to tlitypostyle HalP (no)
Q3. Do worshippers in the hall connect with heaven though their anceétesy?

Q4. IstheHypostyle Halla public space, like th@ourtyar® (no)

2. Lamps: Click any one ofthé a mp s . AThe Egyptians remember
making offerings and prayers to them. These offerings are placed before statues and images

of their ancestors, which are kept in homes and workplaces. Those who make great gifts to
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the temple mayhave family offering places inside thdypostyle Hall a place of great
honoro
Q1. If you make a big donation to the temple, can you put a statue of your ancestors in
the hall?(yes)
Q2. Could anyone have a statue or offering table irHjgostyle HalP (no)
Q3. Can apoor Egyptian still have an ancestor statue or offering table at home or at

work? (yes)

3. Columns: Click the highlighted columnii T hHgpostyle Hallis filled with plantform
columns which represent the primeval marsh. This marsh surrounded the tirt nfdand,
which rose from the waters at the beginning of tithés built on a grand scale to let you
know that you are in a sacred space. 0

Q1. Do the plantform columns represent brocco(iro)
Q2. Do the columns have a special meani(yg3)

Q3. Do the columnsapresent the primeval marsh at the beginning of tifyes)

4. Ceiling Hawks: Click on the center strip of the ceiling, the part with the hawks printed on it.
AThe hawks on the ceiling are spirit guides
betweerheaven and earth. o

Q1. Do the spirit guides on the ceiling show the connection between heaven and
Earth?(yes)
Q2. Do the birds on the ceiling lead you out of the temple? (no)

5. Hypostyle Hall Goal Questions The Priest will ask thesehen he decides that the stund
has answered enough of the questions, above.
Q1. IstheHypostyle Hallan intimate spaceyes)
Q2. Does the hall support a private connection to the divine? (yes)

| f the studentds answers to t heHymstyipHallwil i ons &

open
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3.3.4.4Sanctuary Here, we describe each clue associated with Higpostyle Hall of the

Temple in the same way we did for the Pylon.

Figure 29: The Sanctuary

1. Intro: Enter the Sanctuary to trigger the recordifig hearthe recordingagain, the student
can click in the floor underneath the doorwéyT Sanctuaryis the most central, the most
important place in the templdts decorations are of the most intricate and excellent
workmanship, all made of the best materidldie most i mportant cer emo

No questions are associated with this statement.

2. BackWall: Cl i ck on the spotlighted Pharaoh. nonl
his stead) could conduct worship services here. Ordinary folk nevehe&8anctuary 0
Q1. Could an ordinary person worship hefa®)
Q2. Did Pharaoh represent the community h€ye?)
Q3. Is theSanctuaryhe least important place in the temple? (no)
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3. Floor: Click on the spotlighted spot on the floér.T he gr o u n3bnctuaryd the t he
primordial mound, the very first place in both space and time. People in every town in Egypt
think that the world began under their | ocal

Q1. Did the local Egyptians believe that the world began on the ground where their
temple is builtqyes)

Q2. When the world was created, was the ground undeGé#metuarycreated last?
(no)

Q3. Did the local Egyptians think that time began where their temple is Ipyeis?

4. Shrine: Click on the top of the shrini The Shrine was the gateway
earth from which the blessings of heaven would flow, but only if proper ceremonies were
conducted correctly. 1t is the god who opens

Q1. Is it important for the Pharaoh or the High Priest to do the ceremonies correctly?
(ves)
Q2. Do the blessingsfdieaven come out from the shrine? (yes)

Q3. If asked correctly, would the gods help the people? (yes)

5. Divine Image Click on the figurine in the shriné. St andi ng i n the shrine
of Horus represents all godat times, it is inhabited by thepirit of the god, who influences
events for the benefit of the communifor example, if the gods were pleased, they might
bring a good harvest to the | and. o
Q1. Isthe statue of the god just a statue to the Egyptians? (no)

6. Sanctuary Goal Questions The Prest will ask thes&hen he decides that the student has
answered enough of the questions, above.
Q1. Does Pharaoh communicate with the gods hgres)
Q2. Isthere anything more important than what happened iBdhetuarg (no)

Q3. Inthis temple, does Horus repees all gods?yes)

When the student has answered these questions datigyache following recordingplays:
ACongrat ul at iYouihae uplocked the seanets bf my templaen you are King,
you will come here to make the offerings, so thet gods will bless the people and land of

Egypt, forever. This is your power, your right and your dudy
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Figure 30 shows the trigger volumes in the Tempie.trigger a recording, the student

either touches tharea (steps into it), or clicks on it with the cursor.
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Figure 30. Gates of HorudriggerVolumes in the Temple

118



3.4 HYPOTHESES

Two hypotheses H2 and H3, embody the primary goals of the study. H1 plays a supporting role

while H4, H6 and H6 refine the possible results found in H2 and H3. Many other comparisons

are possible usingdditionalmeasures (e.gage, gender, computer litergayhich wegathered

for their anecdotal valuédowever, such compaongas would not fall within the priori goals of

the study, makinghe occasiondy significant result suspect.

(H1) Students who plagates of Horugsection3.3, p98) to completion learn more of

the facts and awepts of the Virtual Egyptian Temple than those who have not. This
would be proved iPost Tesscores for students in tli@ntrol Groupwere significantly

worse than scores for all students in the other two groups taken together. Failure to find a
significant difference would indicate a failure of either the learning experience itself or

the testing procedures.

(H2) Students in th@heater Groupearn more facts and concepts than the others. This
would be proved if students in tiéheater Grougyenerallyscored higher on thPost
Testor the Video Test than those in thBesktop Grouplt would also be proved if
students in thélheater Grougscored higher than all students in the other two groups
taken together. While this conveys the statistical advamthgemparing larger groups, it
gives the aggregate ndrheater Grou@n unfair advantage the Video TestStudents in

the Control Grouphad more exposure to the material because they took the Posttest first.
If there is no significant difference, the jtoge effects of using the Theater would have

to be stronger.

(H3) One or two months after playir@ates of Horusstudents in th&heater Groupvill
remember more conceptual and spatial knowledge than thoseDesktop GroupThis

will be reported inhe Follow-Up test.

(H4) Students in th&heater Groupvill learn more of the (spatial) structure and features
of the temple than those in the other two groups, taken togé&teliterature on spatial
navigation training in VR indicates this is a veryelkresult.
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e (H5) One or two months after playirgates of Horugsection3.3, p98), students in the
Theater Groupeport more motivation to learn about Egypt and a more positive afiew
their experienceThis is reported in theé-ollow-Up test. The Educational VR literature

indicates that this is a very likely result.

e (HB)We expect studentsd scores on taimesmct Raven'
with the experimental results rfadhe Post Test video test, orFollow-Up test. The
immersive view conveymore advantage either to students who score high on RPM or

those who score low.

Our most important goal is to pro#2 or H3 to show that visual immersion helps children learn
more about Egypt,a common topic immiddle-school curriculaHowever we must proveH1
first, because the game has to bewshao be effective for learningefore we can use it for
studentinterface comparison§&ood computer learning games are difficult todarce, many VR
applications fail ¢ection2.6.4 p66), andGates of Horuss both We investigatedH4 because
superior spatial learning is widely reported in the VR training litweaDarken 2001). We
investigatedH5, because enjoyment of VR interfaces is widely reported in VR literature.

We includedHs6, because Ravenbés Progr 849 Gregery Mat r i
1999) measures students' basic spatial and spaddgichreasoning ability without the use of
language. One might expect those who score highly on Progressive Matrices to do better in the
Post Testesultsbecause of their higher spatial ability. The reverse may occur, however, with the
students of lower spaii ability benefiting more from having the temple visualized for them by
the softvare (Merideth Bricken1991).There is some indication in a study by Wiri®97) that

low-achi eving students had more to gain, on avel
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3.5 TEST POPULATION AND PILOT STUDY

For this study, we recruited middle school studémigrades six through eighages 11 through
14, from Pittsburgh area schools, civic organizations, and pat@mbers of theCarnegie
Museums of Pittsburgl{AppendixD, p354) We believe thaGates of Horugsection3.3, p98) is
appropriate for this age groupnd relevanta most primary school curriculd@he students are
old enough to handle the material and the test instruments but young enough to be enthusiastic
about plannedearning activities. The interactive gastilee quality of the experimental learning
exerciseis dten familiar to them from the video games they may already. fAso, middle
school studentsnay remembeactivity-oriented learning experiences from elementary school.
Finally, Egypt is popular with the children of the musegoing public. At the Carneg
Museum of Natural History, attendance in tff&flBor Egyptian exhibition is second only to that
of thedinosaur exhibits.

Eachstudentinterested in the studgnd his or her parents guardianvere granted free
admission to theCarnegie Museum of Nattal History for the day of the testegardless of
whether the student agreed to participate in the stugdgn completion of testing in the Earth
Theater, students received an informational booklet which gave more information about our
virtual Temple andegyptian temples generallypon completion of th&ollow-Up Test(section
6.6, p221) studentsreceivedby mail a DVD containing a copy of the tour of the temple they
produced durig theVideo Test They also receivia $5 gift certificate to the Carnegie Museum
Store.

Kerry Handron, the director of, and BeffreyCar n e ¢
Jacobson, the principal investigator of this stuwlyg r v e d  a supeivisingtetestingsand
management dhe student, with occasional help fromMsandr onds assi stant s.
individual to each student, but we employed Earth Theater facilities to handlesixpstudents
at any one time.

The first seventeen students vexnuited became pilot testerse used their comments
and learning outcomes to refine the testing procediWvesalso used lessons learned from the
pilot study to refine our experimental design, primarily to mitigate threats to vgbeityion3.8,
p133). We saved the data gathered from the pilot study for its anecdotal value, but we did not use

it in any formal analysis.
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We had 17 pilot testers, 21 in the Control Group, 20 irDsktop Group, and 27 in the

Theater Group, for a total of 85 subjedfEhe pilot testis a dry run of the entire test protocol

intended to eliminate bugs in the procedure, the software, or even the design. Data gathered in

the pilot tests are not used amy of the analysis.Jo improve the validity of our study, we
successfully recruited students from a range of economic strata and geograpkiacluding

students from disadvantaged groups.

3.6 TESTING SEQUENCE

This section describes the full sequendestudent and tester actions during an individual

studentbés testing session.

1. Upon arrival, thestudenthad tohave a consent form signed by a parengaardian
(AppendixD, p346).

2. The tester explainetb the student what the study entaiech d obt ai ned t he
written assentThe student wagde to withdraw from the studgt any time for any
reason or no reasotiew did.

3. The tester asked each student who agreed to be in thastnvent a code name for him
or herself. Thiscodwasused to identify the studentods |
protect his or her privacy. The tester wro

form and stored the forms in a locketinfy cabinet in KerryHandr onés of fi c

student or the tester tagged every test the student took with his or heraroegit was

also put on the game lags

4. The tester randomly assigned the student to an experimental group (Control, Desktop, or

Theaer) and wrote the date, the group, and the student'snemde on the front page of a
blank testing packdippendixB, p307). The packet contained instructions for the tester
and somef the actual testthe student tookThroughout the experiment, the packat

to either stay with the student or be carefully associated with him/her in somd hay.
tester took the student to a desk with a standard desktop computer, monitor, kepbloard

mouse. Deskwerelocated in quiet side rooms adjoining the Earth Theater.
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5. Student completed the Pretéstction6.1, p198) onthecomputer.
6. Student completed the Rawn 6 s edBivedvgtrices test (sectiért, pl889).

7. If the student was in the Control Group, the tester lauhthe Post Tesfsection4.0
p136) which the student completedihe studenthen continud with the next step, like

the other students.

8. If the student was in the Theater Group, the tester took him/hehetqroper
viewing/control locationin the Earth Theaterln effect, the student used the Earth
Theaterds server computer as s/ he would us
display.The student stayed at the desktop computer if s/he was in the Control Group or

Desktop Group.

9. The tester worked with th&tudent to complete the training phase of @ates of Horus
game(section3.3, p98).

10.The student completed the first part of the game, centered on the Pytory this phase
of the gamethe tester coached the student on navigation, selection and game play as
needed. Before thetudent(virtually) enteedthe Courtyard, the tester gave him/kint
Cards(AppendixD, p355) to helpfind the most difficult clues. We added the Hint Cards,
because pilot testing revealed that the game was too difficult for students to complete

within the desired time limit

11.The student completed ti&@ates of Horusearning gamésection3.3, p98), usuallyin 45
to 60 minutes.

12. Student completed the Presence and Comfor{gestion6.3, p204) which is quite brief.

13.The tester took the student to a desk in the testing room, usually thehenethe
student started.

14. Student completed the Drawn Mapst6.4, p208)
15. Student completed the Magnet Map T@siction6.5, p215).

16.The tester led the student to a separate room where s/he completed the Video Test
(section5.0 p154).
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17.1f the studentwasin the Theater or Desktop Group, the tester cotaditbe student to a
desktop computer where the student comgitie Post Testsection4.0p136).

18.The tester asked the student to log in to a special website, one month later, to complete
theFollow-Up Test(section6.6, p221).

19.The ester conducted a short Exit Interview, asking the student for his or her impressions
and opinions of the testing procegxring the interview, the tester gave the student a
booklet with more information on Egyptian temples and culture with referencedite
resources for Egyptian history. The tester also informed the student of the Egypt Hall

exhibit on the Fifth Floor of the Carnegie Museum

20Four weeks after the VR experiment, we WwWro
the FollowUp Test(sedion 6.6, p221),thest udent 6 s per sonate code,
studentwill receive for completing theest(AppendixD, p352).

21.The student tookhe FollowUp Test(section6.6, p221) via the internet, using any
computer with a web browser. The studesats expected to use a computerhatme or

school or at the public library.

22.To each studentvho completed the Followlp test, wesenta recording ofhis or her
video on a CBROM, a $5 gift certificate for the museum stdpppendixD, p352), and
our thankssection(AppendixD, p353

Inevitably, the testing itself was part of the student's experience, and order effects were
probably significant. Eactknowledge test gave the student a chance to elaborate and
organize what s/hkenew, as well as providing additional information on the material. Rather
than attempting to control for ordering effects, we employed them as part of the learning

curricula, tesng all students in all groups in the same order.
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3.7 DATA GATHERING

This section describes the observation methods and test instruments we will employ to evaluate

students' learning.

3.7.1 Online Evaluation Forms

All student data and all evaluation forms arad®a available to the graders online, with only two
exceptionsWe sent the videos on televisitormat DVDs and Dr. Holden's evaluation forms
were written. This allowed the graders to conduct their evaluations regardless of physical
location, and eliminatéthe need to manually enter their grades to the dataEigsee 31 shows
asmall example, the first part of tiRost Tes{section4.0pl136).

The Post Testvas accessible through a specific URL on this survey monkey site, in the
"area" designated for our studwe can login with a password to edit the questionngires
download dataand perform other function8Vhile the survey is marked pen" anyone on the
Internet can access it, enter data, and send in answepgactice, the URL is so cryptic that
there is no way anyone could find it unless we providé/e. stored the link in the shortcut on
the desktop of each one of the testing nmaes, so the tester only needed to dowhtk the
shortcut to call up thBost Test

Many of the questions in tHeost Testvere automatically scored, being multigleoice
guestions of some type. Hewer other questions were shartswer, which requiee human
interpretation We wanted ezh required to be able to assigartain number of points to each
student's response to each questi@nen certain limitations in survey monkey at the time, we
chose to make an individual grading form for every studdrd took thePost TestFigure 32,

pl127, shows a sample page
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*v *v e 0 ﬁ |°' hteps: | fwww.surveymonkey.com /s i ¥ w (@" Google Q) '1:»\

foo.html  Stick Wikipedia MyBlog Dictionary PLS BPL

Post Test Exit this survey >>

Done waww.surveymonkey.com (5§ |4

Figure 31. Sample page from the online Post Test
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* ?v e e ﬁ |ﬂ heep: / fwww. suwevmankevcomfschB C. Google Q) E

foo.html  Stick Wikipedia MyBlog Dictionary PLS EPL

KimKim (PostTest) Exit this survey >>

Done | 4

Figure 32. Sampe page from the online Grading Form for the Post Test
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As you can probably see in the instructions on the sample (feigure 32, abovg, the
original question is shown in italics aftan asterisk, while the student answers are shown in
plain text. The number of each question is the number as it appears on the original test. For
guestion two inFigure 32, above the grader has three choices for assigning data, none, half
credit, or fulkcredit.

This is equivalent to a thrdevel Likert scale. While five level Likert scales are common
and easy to work with in data analysis, we felt that five levels would convey n® tne
information.In the case of question number two, what would one quarter credit or three quarters
credit really mean? As it is, a half credit answer means that the student indicated something very

similar to the winged disk or alluded to it.

3.7.2 Multipl e Evaluators

We will employ four outside experts to evaluate test results
1. Two middle and high school teachers, Kathy Bruckner and Adrienne Baker.
2. JaneVadnal an expertart historian, but not an Egyptologist.

3. Benjamin Getkintour guide for the VirtuaEgyptian Temple at the Museur@ates of

Horuswas built on the educational materials surrounding the virtual Egyptian Temple.

All four of them evaluated the op@mded student responses in Buest TesandFollow-Up test,
andthen evaluated (studentadg Drawn Maps, Magnet Maps and Videdgdditionally, Dr.
Lynn Holden performed a special valuation of the Videas.Halden is the Egyptologist who
provided the content and advising Bates of Horugsection3.3, p98).

We had multiple evaluators, so we could merge their results to produce a more stable
evaluation.While having two graders is minimal, we really wanted three, so we engaged four.
As it happened, wevere fortunate toeceivefull feedback from all four on almost all the tests
The one exception was the video test, where we had three graldietsjs acceptable.

Most of the tests and all of the evaluations are conducted online, primarily using a web
based survey hostirggrvice, Survey Monkey (2007)he service has an online survey builder,
simple data management, and hosting for as many surveys we néededked reasonably

128



well, and saved us a great deal of time programming our own online forms and database.
However it was never intended for research of this type, which led to some quirky limitations.
Chiefly, we found ourselves having to create a large number of special purpose surveys, many of
them referring to a single student for a single t€kts will becomeclearer as we present the
tests n this section.

Both the Pretestand Post Testresembled a kind of quiz that one would take in a
classroomand were implemented standard online survAgswith the typical survey, each test
was accessible through the imet via a URL.When the student indicated that sklas done
with the test, Survey Monkey would store the informatidhany time, we could download all
of the studentanswers to a single spreadshegom anywhere on the Internet. Student
confidentiality was protected by the password access to survey monkey and our use of code
namesBoth thePretesiandPost Testvereaccessible through shortcuts on the desktop for each
of the testing computers, e X ¢ avpstimeffoo studentiioe Ear t
take one of these tests, the tester would simply dezligle on the shortcut to launch the online
quiz.

The Follow-Up test is an online quiz, like tHeretesandPost TestThe studentook it at
home or the library or wherever else s/hel hacess to a computdfor practical reasons the
studenttook the RPM test, the Presence and Comfort test, and the Drawn Maps, onvpaper.
copied all of the RPM test scores on temeadsheet, but fountimore convenient to use a
Survey Monkey form to ier all of the presence and comfort test d&Ve photographed

studentsé Magnet Maps and fil med their Video
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3.7.3 Access to the Forms

The graders accessed these individualRest Tesgrading forms via an online indexe wrote

in very simpe HTML code. Because there were four graders, we found it convenient to
randomly divide thdPost Test into four different groupsgach group with an access ingdéke

the one inFigure 33, below. Then we could assign the groups to the graders at different times,
keeping them working on different evaluations as much as pos$tie was a further hedge
against problems which might have resulted in some graders not being able taeathplehe

Post Tesevaluationslif we hadfor example, two different partial sets of evaluatibgsvhich to
cover all of thePost Test, that would stillhave been ofome valueAs it was, all the graders

graded the Post Tests.

'®O6 Mozilla Firefox (=)
- Q—J "?’ @ hrp://planeteiv = ([G]* Google Q)
foo.html Stick Wikipedia MyBlog Dictionary PLS BPL
Set A PostTest Grading Forms

The following links point to all the individualized grading forms for the
students in set "A”"

KimKim
DeathBrother
Trechugoer

S Is
Dolores
Caraboo
Spiderm:

[ s
T

4w

o
[=]
=1
(1]
BN

Figure 33. Sample Index of Online Grading Forms

As with thePost Test, we had to make individual evaluation forms for all offb#ow-
Up tests, both mapping tests, and the video td@stkeep track of them all, and give the graders

active ligs to work from, we createtie master index ifrigure 34.
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Figure 34. The Grading Matrix

As it appears, each cell of the table is an active link to an index of individualized tests,
the Grading MatrixThe due dates on the left changed with current circumstahicenes you
see in this example are simply the due dates from the final role update.

Each grader worked throudjiis or hempersonalist of individualized formsNote that the
forms were individualized by student, but not to the graders as kail.example,Survey
Monkey recorded input from all éo graders for studeriit K i m &in arsingle spreadsheet. Data

analysis rquired merging the spreadsheets.

3.7.4 Data Management

We storedand manipulated all data in Microsoft Exoehich we also used for much of
the data analysis. We used SPSS for some of the more advanced statistical avalgsised
absolutely all files for everything related to this dissertation in SVN, a configarat

management and file versioning todhis allowed us to make incremental changes, save those
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