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Abstract

Virtual environments (VEs) o�er hugepotential for a wide rangeof applications

including the transfer of spatial knowledgefrom virtual spacesto real world places;

bene�cial in situations whereit would be impractical, too expensiveor dangerous,to

acquirethat knowledgefrom the real environment. Research hasshown that people

canacquirenearperfectspatial knowledgeabout realworld environments from three-

dimensional(3D) VEs. However, the rate of learning is substantially slower, and the

information lessaccurate,than that acquiredfrom the realworld. It is often assumed

that poor navigational abilit y in VEs is dueto the reduced�delity of the VE system,

�delit y is de�ned ashow closelythe variouscomponents of the VE systemresemble

those of the real world. This thesis attempts to better understand the e�ects of,

and the relationship between,three aspectsof VE �delit y, �eld of view, visual scene

characteristicsand the movement interface. Four experimental studiesshowed that

a wide FOV, a high �delit y visual scene,and a simplemovement interface,modestly

increasedparticipants' abilit y to navigate e�cien tly in a desktop VE. However, a

study that required participants to physically walk around a VE, displayed via a

tracked headmounted display (HMD), showed dramatic performancebene�ts over

the useof stationary desktopdisplays, and a rotationally trackedHMD that required

abstract input for translational movement. Proprioceptive and vestibular feedback

allowed participants to navigate a VE ase�cien tly asthey did in a real world study.

The potential of VEs for spatial applications,such aslearning real world spaces,will

not be realisedwithout understandingthe e�ects of the VE systemon participants'

performanceand behaviour. The studies reported in this thesis not only provide

much neededempirical results that could be of great bene�t to VE application

designers,but will alsobe of interest to researchersinvestigating human navigation.
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Chapter 1

In tro duction

Research has shown that people can acquire spatial knowledge about real world

environments from three-dimensional(3D) virtual environments (VEs). However,

the rate of learning is substantially slower, and the information lessaccurate,than

that acquired from the real world. The overall goal of this thesis is to study why

peoplehave di�cult y navigating in VEs.

The investigative scope of this thesis is limited to the e�ects on participants'

performanceand behaviour from three aspects of the VE system,namely: �eld of

view (FOV), visual �delit y, and the movement interface. Four experimental studies

showed that a wide FOV, a high �delit y visual scene,and a simple movement in-

terface,modestly increasedparticipants' abilit y to navigate e�cien tly in a desktop

VE. However, a study that required participants to physically walk around a VE,

displayedvia a trackedheadmounted display (HMD), showeddramatic performance

bene�ts over the useof stationary desktopdisplays, and a rotationally trackedHMD

that required abstract input for translational movement.

This introductory chapter beginswith a discussionon VEs to highlight the im-

portance of VE navigation; a brief examination of existing usesof VEs in industry

is then presented. The chapter then summarisesVE technology that is relevant

to navigation and looks at various existing input device taxonomies. By focusing

on the most crucial dimensions,a new taxonomy is created that directly relates

to navigation within virtual environments. An outline of the various input devices

available for navigation is presented, leading into a discussionon how software can

interpret the data from the input device to create di�eren t interaction techniques

for navigation.

The focusthen movesto VE display devices;a newdisplay taxonomy is created,

within which speci�c devicesare locatedand discussed.Thesetwo taxonomies,cov-

1



Chapter 1 Introduction

ering input and output, capture the designspacefor VE devices,and show which

other devicescan be used for similar tasks. Fundamental di�erences in the char-

acteristics of input and output devicescan be shown by their position within their

respective taxonomy, di�erences that are di�cult to communicate through a writ-

ten description, and which are shown in this thesis to a�ect participants' abilit y to

perform a spatial task in a VE. Chapter One then concludeswith brief comments

about the changesin renderingtechnologythat have occurredover the last 10years;

advancesin computer graphics have allowed visually more complex scenesto be

displayed which could potentially a�ect participants' perception of the VE and so

in
uence task performance.

1.1 Virtual Environmen ts and Navigation

Virtual environments o�er huge potential for a wide range of typesof application,

in particular VEs may be usedto:

1. Train for real world tasks, specially where those situations are rare, remote,

or dangerous(Waller, Hunt & Knapp, 1998);seetable 1.1.

2. Evaluate designs.A VE can be usedto examineproposeddesignsof objects,

environments, and situations to gain an understandingof the impact of design

decisions,seetable 1.2.

3. Visualisedata from physical objects (scienti�c visualisation), or from abstract

sources(information visualisation), seetable 1.3.

4. Entertain and amuse. In recent yearsthe youngergenerationshave decreased

the number of hours watching television in favour of more interactive enter-

tainment media,such PC basedcomputer gamesand consolegames,seetable

1.4.

In many training applications, a VE is usedto simulate the real world, so it is

desirablethat there is asclosea match aspossiblebetweenthe virtual environment

and its real world equivalent. Examplesrange from training surgical skills, to the

tactics to be used in a military battle, and routes to be followed during a rescue

missionor evacuation. Virtual designapplications replicate products and processes

that will subsequently be created in a physical form, and an integral part of the

designprocessis the needto move around the sceneand view it from a variety of

2



Chapter 1 Introduction

Table 1.1: VE Applications (training).

Application Purp ose
Training
Hubble space tele-
scope

To train the ground support crew about the Hubble spacetelescope
repair procedures(Loftin & Kenney, 1995).

Helicopter pilots
and crew

To train pilots in navigation skills (Sullivan, Darken & McLean,
1998). To train voice marshalling skills for search and rescueop-
erations, Virtalis Ltd (www.virtalis.com)).

Aircraft pilots Commercial airline simulators, usedby many of the large commercial
airline companiesto train pilots about 
igh t proceduresand naviga-
tion for over 20 years.

Military training To train military personnelto operatemachinery under variouscondi-
tions, usedby aircraft maintenancecrews,tank operators and drivers.
VEs have also beenusedfor battle group and infantry training, and
close range weaponry tactics and training (Urban Terrain Module,
part of the Army's Joint Fires and E�ects Trainer System,or JFETS).
Also usedto train for the detection and disarming of land minds.

Vehicle driving and
machine operation

To train drivers of large trucks using scenario based exercises
(Bonakdarian, Cremer, Kearney & Willemsen, 1998;Bruzzone,Bran-
dolini & Viazzo, 2004). To train in the proceduresfor, for example,
overheadcrane operators (Wilson, Mourant, Li & Xu, 1998).

Ship and submarine
piloting

To train ship and submarine piloting teams in harbour and channel
ship handling in various geographicaland environmental conditions,
(VESUB by NAVAIR Orlando).

Fire�gh ters To train �re�gh ters in the techniques of search and rescue. (Bliss,
Tidwell & Guest, 1997).

Air tra�c control To train personnel in ATC procedures, for example the Enhanced
Tower Simulator at Fort Rucker, USA.

Surgery skills train-
ing

To train laparoscopic surgery skills (Grantcharov, Kristiansen,
Bendix, Bardram, Rosenberg & Funch-Jensen,2004). Virtual Endo-
scopicSurgeryTraining (VEST), Minimally Invasive Surgical Trainer
- Virtual Reality (MIST-VR), and MicroTEC.

Rehabilitation Rehabilitation for patients with cognitive and motor disabilities
(Deutsch, Latonio, Burdea & Boian, 2001).

Social situations For the treatment of phobias (Pertaub, Slater & Barker, 2002) and
for training social skills (Kerr, Neale& Cobb, 2002).

Underwater vehicle
training

To Train operators to useremotely operatedvehicles(Roberts, Pioch,
& Ferguson,2000).

Sports Virtual hang gliding (Soares, Nomura, Cabral, Dulley, Guimaraes,
Lopes& Zu�o, 2004). Location-BasedEntertainment Pods and cock-
pits i.e., 
igh t and driving simulators, and tennis (Molet, Aubel,
Capin, Carion, Lee, Magnenat-Thalmann, Noser, Pandzic, Sannier
& Thalmann, 1999).

3



Chapter 1 Introduction

Table 1.2: VE Applications (design).

Application Purp ose
Design
Architectural
design and city
planning

To allow clients, the design team, and the public to view visual-
isations, and to conduct real-time walkthroughs, of proposed de-
velopments for evaluation before construction (Herder, W•orzberger,
Twelker & Alb ertz, 2002).

Heavy engineering To help the design and planning of manufacturing plants, for the
petrochemical industry, marine, submarine, oil rigs, power stations
etc. At present used, by Pepsi, BMW, ICI, Shell, Chevron, Fluor
Corporation etc.

Aerospace indus-
tries

To help the designof aeroplaneinteriors (aestheticsand ergonomics)
virtalis Ltd. To evaluate maintenancetask procedures(Boeing Corp.
Joint Strike Fighter maintenancefeasibility study).

Automativ e For the design of cars (manufacturing, aesthetics,and ergonomics).
Allows designersto investigate and fully evaluate various designsbe-
fore manufacturing, usedby all the major car manufacturers.

Control rooms For the assessment of ergonomic design, and working facilities for
power stations and manufacturing plants.

Product design For virtual protot yping of objects to gain an understanding about
aesthetic and ergonomics.

Stressanalysis Finite Element Analysis (FEA) for objects and engineeringstructural
analysis (Connell & Tullberg, 2000).

Computational

uid dynamics

Visulisation of 
uid 
o ws to help the understanding of design deci-
sions(Chen, da V. Lobo, Hughes& Moshell, 1997).

Ergonomics Human body stress, reach analysis etc. Space Station Freedom
(NASA).
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Table 1.3: VE Applications (data visualisation).

Application Purp ose
Data visualisa-
tion)
TV weather fore-
cast

For the communication of local and global weather patterns, also
for solar wind and climate research, The Met O�ce, UK. National
Center for Atmospheric Research, US.

Sports Hawkeye (cricket) for the visualisation for cricket ball tradjectories
for public broadcast.

Election and sports
results

For public broadcast stations and generalcommunication, for exam-
ple VIZRT.

Medical data Using information from CAT, MRI and PET scanners,2D and 3D
Visualizations of body organscan be created for diagnosisand treat-
ment, for exampleIDL from Research Systems,Inc., and IMOD from
the University of Colorado.

Sceneof crime For the analysisof a crime scenefor investigators,Jury, and for train-
ing and performance monitoring, Advanced Interfaces Group, the
University of Manchester.

Nano-engineering,
scanning, and
tunnel microscopy.

To help in the creation of new materials from the manipulation of
individual atoms.

Geological and
earth sciencedata

To visualiseand help the exploration of geologicaldata captureedby
satalite and direct sampling.

Simulations To visualisethe results of computational simulations, for examplethe
Virtual Windtunnel (VWT) usedby NASA to visualise and investi-
gate the 
o w of air around the Shuttle.
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Table 1.4: VE Applications (entertainment).

Application Purp ose
En tertainmen t
Computer games The popularit y of PC and consolecomputer gamesis having a grow-

ing impact on many peoplesleisure time. The annual turnover of the
computer gamesindustry has seenan increaseof 10 to 30 per cent
per year every year since mid 1990. In 2002 $10.9 to $12.8 billion
wasspent worldwide on consolegamesand equipment, $1.6 billion in
the UK in 2001(The Scotsmannewspaper. Monday 30th September,
2002).

Location based
entertain-
ment/sim ulators

Theme park simulator rides create fantasy basedtheme park experi-
ences.Sometimesinspired by scenesfrom Hollywood �lms e.g. \Back
to the Future" by Universal, or from activities such as hand glid-
ing, e.g. \Soarin' Over California" by California Adventure, where
the audience watches the action via an IMAX screenwhile sitting
in ski-lift-t ype chairs that hang below a giant wing. Museums and
art galleries have also employed VEs to educate and entertain, e.g.
the immersive interactive works of Char Davies, Osmose(1995) and
Ephmre (1998).

Cultural heritage
and museum ex-
hibits

VEs have beenemployed in the visualisation of historical landscapes
and artefacts. They are used to reconstruct historical places and
events, and for visualisation for archaeological exploration (Time
Team, Channel 4).

TV reconstruction The virtual reconstruction of situations, events, objects, and places
for television bradcast.

Virtual
tourism/mark eting

VEs have beenusedto allow the virtual tourist to explore the Mars
Path�nder landing site (NASA), and virtual Stonehenge, virtual
Notre Dame cathedral etc.
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points and directions. For VE applications usedfor visualisation usersalsoneedto

view the data from a variety of directions, while interacting to explore the e�ect of

certain parameters.For entertainment applications,such as�rst personperspective

computergames,navigating realistic or fantasy environments is often a fundamental

part of the gaming experience. In fact, navigation is an integral part of a large

number of VE applications. Navigation should be easy to perform so that users

can move around and seeany view with ease,while maintaining knowledgeof their

position and orientation. However, studiesshow that the opposite is often the case,

with usersoften �nding navigation extremelydi�cult even in VEs that have a fairly

simple structure (Ruddle & Jones,2001).

In 1965Ivan Sutherlanddescribed a computer generatedscenethat would allow

usersto interact with virtual worlds (Sutherland, 1965). Today, the generalpublic

is more familiar with the term virtual reality, coined by Jaron Lanier. Those who

work in the �eld, however, tend to usethe term \virtual environment" to avoid any

misconceptionsof it necessarilybeingan attempt to recreatereality. A simplede�ni-

tion of a VE then is a computermediatedinteractiveenvironment. Someresearchers

take a broad view of VEs to include 2-dimensional(2D) windowed applications but

hereit refersto 3-dimensional(3D) representations of spacethat userscan navigate

around and view from di�eren t perspectives. However, if a virtual reality could be

created,then peoplewould perform in exactly the sameway as they do in the real

world becausethe two environments would be, by de�nition, indistinguishablefrom

each other. It follows that peoplecould navigate in a virtual reality ase�ectiv ely as

they navigate in the real world, somethingthat is patently not the casein the VEs

usedtoday.

1.2 Virtual Environmen t Technology

There are three generalinteractive elements to a VE application:

1. The input device(s)usedfor interaction within the VE.

2. The interaction technique (maps the movement of the deviceto e�ect change

in the VE via the interfacesoftware).

3. The display devicethat communicate the result of the interaction.
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1.2.1 Input Devices for Navigation

Input deviceshave a fundamental e�ect on usersabilit y to navigate a VE because

they in
uence movement by their physical design. Someinput devicesallow users

to navigate a VE without the needto physically move their position in real space,

others require somephysical movement, and others require full body movement.

Rather than simply describe di�eren t input devices,it is useful to comparetheir

propertiesusinga taxonomy. Three of the best known taxonomiesfor input devices

were presented by Buxton (1983), seeFigure 1.1, Card, Mackinlay and Robertson

(1991), seeFigure 1.2, and Jacoband Sibert (1992).

Figure 1.1: The input taxonomy by Buxton (1983).

Buxton (1983)createda two dimensionalgraphical taxonomy showing: the num-

ber of spatial dimensionsa devicecan sense(not to be confusedwith the number

of degreesof freedom (DOF) that the device o�ers), and what action was being

sensed,i.e. position, motion, or pressure. However, the Buxton (1983) taxonomy

only included continuous devices,so Card, Mackinlay and Robertson (1991) de-

veloped their own taxonomy to include both discreteand continuous input, where

discretedevicesonly measureonevalue and continuousdevicesare usually capable

of measuringan `in�nite' (inf ) number of values. In addition, Card et al. (1991)

developed the conceptof `composition operators' to further describe the way various

elements (i.e. buttons and sliders)arecombined together to createthe input device.

For example,they describe the keyboard asa layout-composeddevicewith approx-

imately 100 keys on the same device. However, these taxonomies tend to treat

devicesthat output the sameinformation as equivalent and ignore the subjective

qualities of the device. Jacob and Sibert (1992) added an important factor to the

two taxonomiesabove by consideringtwo components of interaction: the physical
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Figure 1.2: The input taxonomy by Card, Mackinlay and Robertson (1991).

properties of the input device, and the perceptual structure of the task space. In

other words,how the task is perceived plays a crucial role in how the input deviceis

usedto achieve that task. Jacoband Sibert (1992)asked participants to move a 2D

square,with either a mouseor a position tracker, to match the position of a target

squareand to either changeit's size(seenas perceptually connectedto moving its

position: when objects are further away they appear smaller), or its shade(seen

as perceptually unconnectedto its position). Jacob and Sibert (1992) suggested

that participants performed the movement and sizechangetask quickest with the

tracker becausethey perceived the task asthree integrally related actions(move the

squareto match the position and sizeof the target square). However, participants

performed the movement and shadechangetask quickest with the mousebecause

they perceived the task as two separably related actions (move the squareto match

the target position and then usethe mousebutton to changeits shade).

The taxonomiesaboveconsiderinput devicesgenerally. During the present PhD,

a newtaxonomy hasbeendeveloped that focusesspeci�cally on input for movement

within a VE (seeFigure 1.3). One axis presents the degreesof freedom,the second

shows whether the input is discrete or `in�nitely' variable, and the third axis de-

scribesthe type of movement input i.e. from the movement of the �ngers or whole
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body. The most appropriate input devicesfor travel have beenplaced within this

new VE travel taxonomy and are described in the rest of this section.

Keyb oard: The keyboard is one of the two most common movement input

devicesfor VEs, largely becauseit is one of the standard input devicessupplied

with personalcomputers. A singlekey can only be in one of two states, depressed

or released,and so can only be usedto control movement in onedirection. Control

of movement in the positive and negative direction of a singleDOF requiresthe use

of two keys. Taken asa whole,a keyboard is a layout-composeddevice(Card et al.,

1991)that comprisesapproximately 100keys.

Mouse: The mouseis the other very commoninterface device,and is another

exampleof a layout-composeddevice. Two or three buttons (each hasoneDOF) are

combined with a sensorthat measuresmovement in the x and y directions across

the horizontal plane (two DOFs).

Joystic k: The joystick was�rst usedto control aeroplanes,but is now usedin a

wide variety of situations for controlling movement in VEs. Most computer joysticks

measureinput in termsof two translationary DOFs and, in addition, buttons or other

switches are usually attached to the joystick for discrete input making it another

layout-composeddevice.

Spacemouse: (seeFigure 1.4) The spacemouseis oneof the few desktopinput

devicesspeci�cally designedfor 3D VE interaction. The userappliespressureto, or

twistswhat is essentially a short joystick, to moveor turn objectsor their perspective

in the VE. Most joysticks pivot at their basewhenpressureis applied,but the handle

(ball or cylinder) of a spacemousetypically movesvery little and responds to very

light forces. The handle of the spacemousecan detect rotational movement about

three axes,and the nine buttons arrangedaround the handle can be usedfor other

tasks.

3D mouse: (seeFigure 1.5) A 3D mouseis like a conventional desktop mouse

in that it combinesthe measurement of movement with four buttons and a joystick

into yet another form of layout-composeddevice. However, unlike its conventional

counterpart, a 3D mousemeasuresposition and orientation in 3D space(6 DOF)

using a tracking devicesuch as the AscensionFlock of Birds (seebelow).

Trackers: Motion trackers are small devicesthat track their position and/or

orientation in space.They canbeattachedto handhelddevices,such asa 3D mouse,

or to displays such asthe HMD to track rotational and translational movements over

an extendedarea(e.g. 10x 10metres). Motion trackersusea number of technologies

including:
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Figure 1.3: A taxonomy of input devicesfor travel in VEs.
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Figure 1.4: The Spacemouse.

Figure 1.5: The 3D mouse.

Mechanical. Mechanical trackersare limited by the reach of their arm, generally,

the larger the reach the greater the cost. The main advantagesof mechanical track-

ing are that there is low latency and it is highly accurate,it thereforelendsitself to

object manipulation and other dexteroustasks.
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Magnetic, e.g. the AscensionFlock of Birds, use low frequencymagnetic �eld

emitters to pick up the position and orientation of a small sensor(receiver) that is

attached to the tracked device. They can operatewithin a volumeof approximately

1.5 to 10 metres but the tracked spaceis subject to distortion from metal objects

located near the sensorand they tend to be associated with noticable latency.

Inertial , e.g. the InterSenseIS900(position and orientation), and the InterSense

Inertial Cube2(orientation only). Inertial trackersusesmall angular-rategyroscopes

and detect rotations. The sensoris attached to the tracked device(3D mouse,HMD

etc) and can su�er from error accumulation when usedfor long periods. However,

trackers like the IS900usesonic beaconsto correct for theseerrors. Also, unlessa

wirelesstransmissionsystemis usedthe tracked volume is limited to the length of

its connectingcable.

Optical, e.g. the World Viz PrecisionPosition Tracker (PPT). Optical trackers

usetwo or more camerasplacedaround the environment that detect, via computer

vision software, the position of either a light emitting diode (LED), or re
ected

infrared light from �ducials (small re
ectors). Optical trackers can track a larger

volume than can mechanical or magnetic trackers, but require line of sight to be

maintained between the camerasand LED/�ducial so triangulation can be per-

formed to calculateposition.

Virtual Motion Con troller (VMC) The VMC (Peterson,Wells, Furness&

Hunt, 1998) is a disc that pivots in placeas the userstandsand leanson its edges.

The disc tilts slightly with the weight of the userand this movement is usedto signal

in which direction and at what speed to move the user in the VE. This device is

designedto employ the legsand requiressomephysical movement to operate and

thereforeprovidessomeproprioceptive feedback to the userwhile leaving the hands

free for other tasks.

Pedalling Variousmovement input deviceshavebeenusedasa method to travel

around the VE that require participants to pedal, such as a uni-cycling (Darken,

Cockayne & Carmein, 1997), or bicycle (Carraro, Cortes, Edmark & Ensor, 1998;

Harris et al., 2002),or tricycle (Allison et al., 2002). Thesedevices,like the VMC

above, require physical movement to operate which provides proprioceptive feed-

back from pedalling and steering,but lack vestibular feedback from actual physical

movement.

Uni-directional treadmill: Treadmillsare locomotiondevicesthat allow users

to walk without changing location (Mohler et al., 2004). However, becausethe

surfacethat userswalk on allows input on only one axis movement in the VE is
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somewhatrestricted. With the uni-directional treadmill the VE is usually projected

onto a large screenin front of, or sometimessurrounding, the user,or displayed via

a HMD.

Omni-directional treadmill (ODT): (seeFigure 1.6)This deviceis a platform

constructed from small rollers, the user walks in place on the horizontal plane in

any direction which moves the user's perspective through the VE (Darken et al.,

1997). Of all the input devicesdiscussedso far the ODT is the one that most

closely resembles actually walking. Like it's uni-directional counterpart the VE is

usually projected onto surrounding screensor displayed via a HMD.

In addition, an alternative to the ODT is \w alking in place" (Slater, Usoh &

Steed,1995;Templeman,Denbrook & Sibert, 1999). In this a usersphysical move-

ment is tracked using deviceslike a Flock of Birds, and the motion interpreted by

software as a form of walking. The result is movement with the samenumber of

DOFs as the ODT.

Figure 1.6: The omni-directional treadmill (left, courtesyof David Carmein of Vir-
tual SpaceDevices).
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1.2.2 In teraction Techniques for Travel

In a VE application travel is usually instigated by the manipulation of an input

devicewith the resulting movement controlled by the implementation of the soft-

ware. How that software controls thoseinput signalsis described as the interaction

technique.

Bowman,Kruij�, LaViola andPoupyrev (2004)andBowman,Koller, andHodges

(1997)describeseveral di�eren t methods to classifyinteraction techniquesfor travel.

Onesuch method, task decomposition, subdividesthe travel task into threesubtasks:

1. Direction or target selection,that is, how the direction of travel, or the place

whereone wants to travel to, is selected.For example,the user can travel in

the direction of their present view (gazedirected steering), discussedbelow,

or a target location can be selectedand the software can move the user's

viewpoint to that location.

2. Velocity/acceleration selection,which refersto how userscontrol their speed,

e.g. whether they can chooseconstant or variable velocity.

3. Conditionsof input, which refersto how the input is controlled, e.g. continuous

velocity while a trigger is depressedand zerovelocity whenreleased,or perhaps

an on/o� switch controls the speedrequiring no further input until the user

wants to stop.

Interaction techniques can also be classi�ed by movement metaphors that are

used to aid users familiarit y while navigating. Poupyrev, Weghorst, Billinghurst

and Ichikawa (1998) classi�ed interaction techniquesas either exocentric (i.e. the

user interacts as though looking into the VE from outside) or egocentric (the user

interacts as though inside the VE).

Bowman et al. (2004) organisedtravel techniquesinto six metaphors: steering,

route-planning, target-based,manual manipulation, scaling, and physical locomo-

tion. The steeringmetaphor is usedto liken the movement of travel to that of a car

or similar vehicle. Often, usersinput their speedwith one control (e.g. mouseor

keyboard button) while they steer with another (e.g. a steering wheel or mouse).

Route-planning refers to the abilit y to plan a route through the VE before travel.

This technique can be used with an exocentric view to de�ne and edit a path in

relation to the VE as a whole. With target-basedtravel techniquesuserspoint to,

or otherwiseindicate, where in the VE they want to travel. The VE software then
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moves, often along a continuous path, to that target. Manual manipulation tech-

niquessuch as \grabbing the air" can be usedto move the user'sviewpoint around

the VE. This technique may be used with one or two position-tracked hands as

though pulling on a rope. Travelling by scaling refers to the manipulation of the

relationship between the usersphysical movement and the resultant movement in

the VE. By scalingup the user'sphysicalmovement a usercantravel arounda larger

VE and stay within the, often limited, tracked space. This technique can be used

with other metaphorssuch as \grabbing the air", onemovement of the hand could,

for example,move the user one or 20 metre etc. Lastly, the most natural way to

travel in a VE is to physically walk around it. Physical locomotion can be tracked

to manipulate the user'sviewpoint in the VE. If the VE is larger than the tracked

spacea user'smovements can be scaledto allow travel to all parts of the VE.

Ware and Osborne (1990) evaluated the appropriateness,through interviews

with participants, of three interaction metaphorsfor navigation and virtual camera

control. The metaphorsusedwereeyeball in hand, Scenein hand, and 
ying vehicle

control. They found that no one metaphor was judged best for all tasks; each

technique had its advantagesand disadvantages.

While travelling through a desktop VE, acrossa horizontal plane, there are

three main directional elements to movement: the direction of a person'sview, the

orientation of their body and their direction of travel. Altering the relationship

betweenthesethree elements createsthe three primary walking metaphorsusedfor

travel within virtual environments (Ruddle & Jones,2001). The �rst of these is

view-direction (gaze-directed)travel (Bowman, Johnson& Hodges,2001;Bowman,

Koller & Hodges,1997)wherethe headingof the body, the direction of travel, and

the direction of view areall locked together; the usercanonly travel in the direction

they are looking. The secondis body-direction travel wherethe headingof the body

and the direction of travel are locked together, but onecanmanipulate the direction

of view independently of the other two (i.e. the view and travel directions are de-

coupled). Lastly there is independent movement whereonecantravel independently

of both the viewing direction and body direction. Independent movement is the

method that most closely resembles natural human movement. As one progresses

from view-direction, to body-direction, and then independent movement, there are

an increasingnumber of degreesof freedom(DOFs) available to the user.

Di�eren t interaction techniquescanbe implemented with the sameinput device.

For example,the keyboard is often usedto control the speedof travel in a desktop

VE, a depressedkey can either signal the start of constant movement or the start
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of accelerationup to a maximum. Also, the movement of the mouseis often used

to vary the direction and elevation of the user's view. Moving the mouseleft and

right usually turns the view direction left and right (heading/yaw) i.e. there is a

stimulus-responsecompatibilit y. However, increasingthe elevation of view (pitch)

can either be controlled by moving the mouseaway from the user, used for most

groundbasedVEs, in which casethe mouseis beingusedwith a pendulummetaphor

that is turned 90degreesup towardsthe screen,or by moving the mousetowardsthe

user,as in most desktop 
igh t simulators, in which casethe mousecan be thought

of as the top of a joystick.

Many di�eren t types of interaction technique have beendeveloped, along with

a large number of combinations of technique and device. The e�ects that the most

important of thesehave on navigation are discussedin Chapter 2.

1.2.3 Displa y Devices

The user interacts with a VE via various physical input devicesand the interaction

technique interprets those signals to create movement within the VE. The next

sectiondiscussesthe third part of that process,displaying the result to the uservia

various visual displays.

Taxonomiesof display devicesare far lesscommonthan they are for input de-

vices,but onerelevant to navigation hasbeendeveloped for this research (seeFigure

1.7). The dimensionsincluded are whether a display is spaceconstant or consistent

(Zheng, McConkie & Schae�er, 2003), the FOV provided and number of viewers

that maybe accommodated. In terms of cost, display devicescan range from less

than $100(desktop monitor) to hundredsof thousandsof pounds(CAVEs).

Desktop monitor: The desktop monitor is the commonestdisplay type for

nearly all computer generatedenvironments, primarily becauseof its availabilit y

and low cost. Zhenget al. (2003) describe the desktopmonitor asa space-constant

display device. That is, while travelling through a VE the userchangesthe position

and orientation of the VE camerawhile the monitor and user remain stationary.

Therefore, there will be no proprioceptive or vestibular feedback available to the

userwhile travelling through the VE, unlessa pedalling or treadmill input deviceis

used.

Although monitors display monoscopically, they arecapableof displaying stereo-

scopicallywith additional hardware. Stereoscopicviewing caneither be achievedac-

tiv ely or passively. Activ e stereoglassesusefast shuttering LCD �lters to allow only
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Figure 1.7: Display taxonomy.

the left eye to seeimagesintended for the left eye, and the right eye to seeimages

intendedonly for the right eye. The two setsof imagesare thereforedisplayed alter-

nately, typically, 60 framesper second,30 going to each eye. A passive stereoscopic

display is achieved by polarization multiplexing, viewers wear glassesthat contain

two polarizing �lters placedat right anglesto each other, the display contains two

oppositely polarizedimagessothe lensesonly allow through onesetof imagesfor the

left and the other set for the right eye. Although stereoscopicallydisplayed images

are seenasmore realistic and engagingthere is little evidenceso far to show that it

o�ers any bene�t for navigation tasks over VEs displayed monoscopically.

It is possibleto combine tracking technologies(seeabove) with desktopmonitors

to provide what hasbeendescribed as �sh tank virtual reality (VR) (Ware, Arth ur

& Booth, 1993). The tracker recordsthe position and orientation of the user'shead

and that information is then usedto update the screenimages,viewed actively or

passively, to createmotion parallax depth cues.

Workb enches: Display benches,like the TAN Holobench, usually provide one

or two back projected planesof translucent plastic/glass and o�er a viewing area

considerablylarger than a monitor. The display is often projected stereoscopically

which makes them idea for displaying virtual objects to single or small group of

observers. Head tracking can be usedto createmotion parallax, but like �sh tank

VR, only the tracked individual will be able to view the correct depth cues.

Pro jection wall: (seeFigure 1.8) the VE can be projected, using oneor more

projectors, onto a smooth white surface(curved or 
at) to create a large display.
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The imagesmay be projected from the viewer's side, similar to a cinemascreenor

IMAX theatre, or onto the reversesideof a translucent surface,asin the Holobench

(seeabove). Wall projections usually cover a large surfacearea and can provide

large groups of observers with a wide FOV, though rarely one of more than 180

degrees.

Figure 1.8: The projection wall usedfor the University of Leedsdriving simulator.

CA VE: The CAVE (CAVE Automatic Virtual Environment; Cruz-Neira,Sandin

& DeFanti, 1993) utilises four to six translucent screensarranged in a cube con-

�guration that surrounds the user(s), the VE is then projected onto the screens

from the outside and �lls the users'FOV. Userscan physically move around in the

CAVE that with headtracking cancreatemotion parallax cues,but the surrounding

screenslimit physical movement. Both projection screensand CAVEs represent a

signi�cant investment thereby limiting their accessibility, and both typesalsorequire

considerablespace.

HMD: (seeFigure 1.9) The headmounted display provides two miniature dis-

plays in front of the userseyes. Zhenget al. (2003) describe the HMD as a space-

consistent display becausewhenheadrotation are tracked the VE appearsto remain

stationary while the userturns to look around. HMDs are associated with increased

incidencesof simulator sicknesswhen compared to the �xed screensof monitors

and projection screenstherefore limiting accessibility. In addition, HMDs are not

particularly comfortable to wear, not only are they relatively heavy (the Virtual

Research V8 HMD weighsapproximately 1 kg), but the centre of gravit y is often at
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the front and tips the deviceforwards on the head. A counter-balancecan reduce

the problem but this also increasesthe weight of the device. HMDs are, however,

one of the most immersive display technologiesavailable and as such can produce

an engagingsenseof presence.HMDs can, with the useof wide area tracking, be

used to view a VE while simultaneously walking around real space,thus creating

the illusion of walking around a VE (seetracked walking above).

Figure 1.9: The Virtual Research HMD v8.

Arm Moun ted Displa y. The arm mounted display (such asthe BOOM, Binoc-

ular Omni-Orientation Monitor; Bolas,1994) consistsof an armaturewith a position

and orientation trackedbinocular display device(similar to an HMD) at oneendand

its counterbalanceat the other. Although the stereoscopicdisplay devicecan only

be manoeuvred within an area accessibleby the arm, the arm and counterbalance

reducesthe weight carried by the user and this allows heavier and higher quality

components to be usedthan would be practical with a HMD.

1.2.4 Rendering Technology

Approximately 10 years ago most VR systemsran on Silicon Graphics Inc (SGI)

Reality Engine graphics supercomputers(or other similar image generators)and

typically cost tensor hundredsof thousandsof pounds. Despitetheir high cost they
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were limited in their abilit y to render advancedgraphicssuch as texture or bump

maps, surfacere
ections, or even someshadeand shadow e�ects. A PC a decade

ago(with 4-8MB RAM and the newly introduced3D accelerationcards)could o�er

considerablylessgraphic renderingcapabilities.

A standard PC today, however, has the abilit y to producefar superior graphics

than the SGI machines could a decadeago and for a fraction of the cost. New

rendering techniques, such as vertex/pixel shading and texture mapping, greatly

improve the visual realism of VE scenesby adding shadeand shadows and surface

textures to the geometryimplying scaleand surfacematerial. Advancesin the speed

of PCs allow many advancedgraphicstechniques,such as surfacere
ections, to be

calculated in real-time.

1.3 Summary

Participants acquirespatial knowledgefrom VEs substantially slower, and lessaccu-

rately, than that acquiredfrom the real world. Navigation is a fundamental activit y

in most 3D VEs. Without the abilit y to navigation accuratelyparticipants will not

be able to realisethe potential of VEs for the acquisition of spatial knowledge.The

overall goal of this thesis is to study why peoplehave di�cult y navigating in VEs.

The taxonomiesdiscussed,and the new taxonomy created,help to comparethe

various VE input and output devicesin a commondesignspace. This comparison

potentially allows a better understandingof the three VE systemvariables (FOV,

visual �delit y, and movement interface)and their in
uence on participants' abilit y to

navigate. Chapter 2 discussesthe existing research literature on the threeVE system

variables,and proposesthree levels of metric to help VE task analysis. Chapter 3

provides an overview of the four experiments conducted. The chapter considers

issuessuch as materials and procedurescommon to all of the experiments, and

eliminates the need for repeated experimental data. Chapter 4 describes a real

world experiment conducted to provide comparabledata for the three subsequent

VE studies. Chapters 5, 6, and 7 describe the experiments that investigated the

e�ects of FOV, visual �delit y, and movement interface on participants' abilit y to

navigate while conducting a VE search task. Chapter 8 provides sicknessdata on

the VE studies. The thesisconcludeswith a generaldiscussionon the issuesraised.
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Navigation Research

This chapter brie
y discussesthe di�eren t categoriesof spacethat are usedin nav-

igation. It then reviewsexisting research conductedon each of the three aspectsof

a VE application outlined in the introduction (seeChapter 1), namely:

1. Field of view (FOV, graphical and physical), in other words, how much of the

visual scenecan be seenat any one time.

2. Visual �delit y. How closelythe VE sceneresemblesits real world counterpart.

3. Movement interface. The useof variousinput devicesand techniquesfor travel

around the VE.

The research literature discussedin this chapter providesan overview of present

knowledgeconcerningparticipants' performanceand behaviour for navigation tasks

in real and virtual spaces.It is alsointendedto show how the experiments described

in this thesisaugment existing knowledge,and addressthe questionof why partic-

ipants do not generally navigate VEs as well as they do real world environments.

The chapter concludesby consideringdi�eren t metrics that are usedin present VE

navigational research, and reviewsa more structured approach that considersthree

related categoriesof metric to evaluate VE applications.

Weatherford (1985) identi�ed three categoriesof spacethat are usedin naviga-

tion. Model-scalespacesare those that can only be observed from the outside, for

example,a model displayed on a tabletop. Small-scalespacesare thosewhere it is

possibleto seethe entire spacesimply by standing in oneplaceand looking around,

examplesinclude single interior rooms of buildings or external courtyards. Large-

scalespacesare those in which it is not possibleto resolve all the details necessary

for e�cien t navigation from a single position. Large-scalespacesare comprisedof
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several smaller spacesand to experiencethe extent of the large-scalespaceonehas

to navigate and changeviewpoints. Examplesinclude buildings containing several

spacesoccludedfrom each other by walls and doors, urban areasof a city, and ex-

tended land and seascapes. The studiesdescribed in this thesisall usedsmall-scale

real-world and virtual spaces.

2.1 Field of View (F OV)

The e�ects of FOV have beenstudied for both real world and VE spatial tasks. In

onewell known real-world study (Alfano & Michel, 1990),participants wereaskedto

reconstructthe layout of a real spaceviewedwith a FOV that rangedfrom normal to

nine degrees.The restricted FOV not only distorted participants' perceptionof the

sizeof the space,but alsoreducedtheir abilit y to accurately reconstruct the spatial

layout using colour copied photographs. However it was only with a very narrow

FOV (22 degreesor less)that participants' performancewassigni�cantly worsethan

with a normal FOV. A morerecent study investigatedegocentric distanceperception

in the real world using a visually directed walking task (Creem-Regehr,Willemsen,

Gooch & Thompson,2003). Participants were �rst shown a target and then had to

walk to its position while blindfolded. Participants who useda restricted FOV (42

x 32 degrees)were just as accurateas those who viewed the target with a normal

FOV. However, simultaneously eliminating head rotations by using a neck brace

and restricting the FOV produced systematic underestimation of the distance to

the target, but the reasonfor this remainsan open question.

Studies that require participants to estimate distancesand perform other spa-

tial tasks in VEs often suggestthat the restricted FOV contributes toward poor

spatial performance. For example, when participants judged egocentric distances

while wearing a HMD, they underestimatedthe distanceswhile using a wide FOV

(140 x 90 degrees)but overestimated the distanceswhile using a narrower FOV

(60 x 38.5 degrees;(Kline & Witmer, 1996). More recently, Czerwinski, Tan, and

Robertson (2002) showed that with a novel navigation technique (the faster partic-

ipants moved forward the higher and steeper they viewed the VE) malesperformed

better than femaleswith a narrow FOV (desktop display), but when the FOV was

widened femalesperformanceincreasedto equal that of males. However there are

also VE studies that have shown no in
uence of FOV for spatial tasks. In one,

participants performeda seriesof triangle completion tasksusing a large projection

screen,and accuracywas in
uenced by path layout but not by FOV (P�eruch, May
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& Wartenberg, 1997).

Another study investigatedparticipants' abilit y to estimate ego-rotationsfrom

optic 
o w (Schulte-Pelkum, Riecke, von der Heyde& B•ultho�, 2002). Participants

were instructed to turn �v e anglesthat ranged from 45 to 225 degreeswhile they

vieweda VE that consistedof a star �eld. Each star had a limited life of 650mswhich

limited participants' abilit y to use landmarks. There was no di�erences between

participants estimationsof turned anglesfor the two FOVs presented on a projection

screen(86 x 64 degrees,and 40 x 30 degrees),but with both of theseparticipants

were signi�cantly more accuratethan when the judgments were performedusing a

40 x 30 degreeHMD.

Why wasthe useof a screen,with a FOV 40x 30degrees,moreaccuratethan the

HMD with the sameFOV? An explanation might possibly lie in the perceived size

of the spacewith which participants performedthe task and its resultant e�ect on

participants' strategies.Tan, Gergle,Scupelli, and Pausch (2004)lookedat di�eren t

sizedscreensthat subtendedthe samevisual angle, i.e. the larger screen(1.95m x

1.5m) was further away than the monitor (0.36m x 0.27m). They found that, for

a triangular path completion task, participants who used the physically smaller

monitor underestimateddistancessigni�cantly more than those participants who

used the large projection screen. They suggestthat the larger screenencouraged

participants to adopt a more e�cien t egocentric strategy that then producedmore

accurate results. The previous studies show that both PFOV and display mode

seemto play their part in participants abilit y to accurately estimate distanceand

anglesturned; two subtasksthat are performedwhile navigating a VE.

Desktop VEs are displayed via monitors. For a normal viewing distance (600

- 800mm), this gives a physical �eld of view (PFOV) of approximately 48 degrees

(horizontal) by 36 degrees(vertical), which is substantially less than the normal

human FOV of 200x 160(May & Badcock, 2002).

The PFOV is of course�xed, unlessa physically larger monitor is used,but the

geometrical �eld of view (GFOV) of the VE cameracan be varied. The smaller

the GFOV the lessVE can be seenat any one time (similar to looking through a

telephoto lens), while more of the VE can be seenwith a larger GFOV. However,

displaying largeGFOVs (say 100degreesplus) createsconsiderablevisual distortion

of the VE, the e�ect of which is similar to viewing the VE through a wide-angle

(�sh-eye) lens. Of course, mismatches between the PFOV of a display and the

GFOV of a VE are not the solepreserve of desktopVEs, and have beendeliberately

applied for navigation tasks with other displays such as HMDs (Ruddle, Payne &
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Jones,1999).

Waller (1999) investigatedparticipants abilit y to accuratelyestimateexocentric

(interobject) distancesin a VE via a desktop monitor (horizontal PFOV = 50 de-

grees)with di�eren t GFOVs and either with or without error-corrective feedback.

With feedback participants tended to underestimate distanceswith a 50 degree

GFOV, were more accuratewith a 80 degreeGFOV, and overestimateddistances

with a 100 degreeGFOV. Without feedback, however, all GFOV conditions were

overestimated. This suggeststhat the GFOV is a signi�cant factor in in
uencing

participants' exocentric distanceperceptionsbut repeatedcorrective feedback on ac-

curacy can inform, and thereforeallow correctionby, participants on the distortions

producedby di�eren t GFOVs.

Even when the GFOV exactly matches the PFOV there can be considerable

distortion in peoplesperception of a VE. In an experiment by Psotka. Lewis, and

King (1998)participants vieweda monitor that displayeda VE of the room in which

they sat. As the virtual cameraslowly rotated the observerswereasked to draw on

a plan of the VE the path of the animated camera.Even though the virtual camera

rotated in place and did not changeposition, participants consistently represented

the travelledpath asan ellipse;participants thought that the virtual cameramoved

much closerto the objects in the VE than it actually did. However, the introduction

of deliberate spatial distortion, in the form of the implementation of a corrective

wide-angleview, can correct for this type of bias (Ellis, 1993).

Attempts have beenmade to represent the full 200 degreesof the human FOV

onto display devicesto increaseusers'awarenessof the VE. Slater and Usoh(1993)

usedimagesfrom �v e virtual camerasand displayed them via an HMD in a picture

frame con�guration. The middle `picture' displayed the viewer's normal (forward)

view, with no signi�cant distortions, while the outer `frame' displayed compressed

views from the other four virtual cameras.The outer frame of the display gave the

viewer an idea of what was directly to the left, right, above, and below the view

ahead.Unfortunately, this study did not attempt to analysethe possiblebene�ts to

participants engagedin a spatial task. However a study by Robertson, Czerwinski,

and Dantzich (1997) employed the sameidea, this time on a monitor and only on

the right and left of a main window. They asked participants to visually search for

a target letter while travelling through a 3D VE consistingof four corridors all 18

metresin length. They found that, when the undistorted main window remaineda

consistent size,participants found the target letter no quicker with the peripheral

lensesthan without.
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A restricted FOV hasbeenidenti�ed asa hindranceto collaborative taskswithin

a VE. In oneexperiment Hindmarsh,Fraser,Heath, Benford,and Greenhalgh(2000)

asked either two or three participants to collaborate on a virtual furniture arrang-

ing task. They noted that the limited FOV (55x45 degrees)meant that partici-

pants could not simultaneously seethe object they were manipulating and their

co-participant(s). This resulted in increasedcompensatory verbal instructions to

explicitly communicate what would normally be done so by participants' implicit

actions. Interestingly, they also implemented peripheral lens in an attempt to com-

pensatefor the lack of FOV but provide no results on performance.

In summary, there is con
icting evidenceas to whether a modest reduction in

participants FOV (e.g. to 50 degrees)substantially e�ects performancein spatial

tasks. Participants tend to overestimate VE distanceswith a narrow FOV and

underestimatethem with a wide FOV (Kline & Witmer, 1996). However, not all

have found e�ects of a restricted FOV (Creem-Regehret al. 2003; P�eruch et al.

1997;Schulte-Pelkum et al. 2002;Tan et al. 2004;Psotka et al. 1998). Attempts to

usedisplay techniqueson a desktopmonitor to compensatefor the lack of peripheral

vision have, sofar, beenunsuccessful(Slater & Usoh,1993;Robertson,et al. 1997).

2.2 Visual Fidelit y

Waller, Hunt, and Knapp (1998) introduced the conceptof environmental �delit y,

that is, how closelya VE resemblesits corresponding real world scene.Environmen-

tal �delit y hasmany di�eren t factors, including the structure of an environment, its

visual characteristics (e.g., whether every real-world object is included in a virtual

scene,and the detail with which each object is modelled), and other sensoryinfor-

mation.

Visual characteristics are one of the primary sourcesof information that peo-

ple use to determine their position and orientation within an environment. The

role of visual information is particularly important in VEs, where there is often

no non-visual sensoryinformation. It follows, that changing the amount of visual

information available will a�ect usersbehaviour and that will, in turn, a�ect their

abilit y to perform spatial tasks in a VE.

Presence,the subjective senseof being in a VE, has beenseenas an important

aspect of VE research for many years. However its relevance and link with task

performanceis still in debate. In onestudy, Welch, Blackmon, Liu, MellersandStark

(1996) investigated the role of interactivit y (active vs. passive control), pictorial
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realism (high vs. low visual detail), and delay of visual feedback (220 milliseconds

vs. 1.5 seconds),on participants senseof presencefor a driving task. Results

showed that, on the reported senseof presence,active control, high visual detail,

and low latency produceda higher senseof presencethan the other three, but visual

realismwasjudgedaslessimportant whencompareto the other two. Unfortunately,

metrics of participants' performancewere not reported. As Welch et al. (1996)

acknowledge,there is an inherent di�cult y in investigatingthe link betweenpresence

and performancebecauseaspects that increaseone are also likely to increasethe

other.

The majorit y of studies that have investigatedVE navigation have deliberately

used bare and simplistic virtual scenes,albeit often texture mapped. However, a

notable exception was a study that comparedthe acquisition of route knowledge

from a high �delit y VE building with other training media (Witmer, Bailey, Knerr

& Parsons,1996). This found that participants who were trained in a VE made

more navigational errors than thosetrained in the real world, but fewer errors than

participants who trained by being shown pictures.

Two attributes of the visual scenethat have been shown to be of particular

importance for spatial tasks are texture and landmarks. Textureshave beenshown

to a�ect spatial tasks in three di�eren t ways. First, the textures enhanceoptic 
o w,

which enhancesusers'perception of motion and has beenshown to aid navigation

(Kirschen, Kahana, Sekuler& Burack, 2000). However, if a user physically walks

around a VE instead of using an abstract meansof movement then optic 
o w can

be reducedto a negligible amount without a�ecting performanceon simple spatial

tasks such as path integration, indicating a dominanceof physical movement over

visual information in certain forms of navigation (Kearns, Warren, Duchon & Tarr,

2002).

Second,repetition (tiling) of textures such as a brick pattern conveys metric

information that signi�cantly improvesparticipants' accuracywhen estimating dis-

tances(Sinai, Krebs, Darken, Rowland & McCarley, 1999). However other typesof

textures such as grass,carpet and abstract patterns had no e�ect on the accuracy

of participants' distanceestimations (Sinai, Krebs, Darken, Rowland & McCarley,

1999;Witmer & Kline, 1998). This suggeststhat certain typesof textural informa-

tion can be valuable for maintaining one's spatial orientation in VEs, particularly

in the absenceof useful landmarks and proprioceptive information.

Third, texture mapping hasbeenusedfor many yearsasa cost e�ectiv e method

for improving the visual realism of scenes,for example,for building facades,trees,
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and signs. Thesetypesof textures often either are, or contain, distinctive \ob jects"

that act as landmarksand could alsobe modelled as3D geometry. The availabilit y

and type of landmarks are well known to in
uence participants search performance

in VEs. For example, Steck and Mallot (2000) showed that participants stored

both local and global landmarks in memory during a VE familiarization phase,and

relied on onefor navigation when the other wasremoved. The saliencyof landmark

cueshas also been shown to in
uence navigational performance. In this respect,

participants' route-�nding accuracyhasbeenshown to increasewheneveryday (i.e.,

familiar) objects wereusedaslocal landmarks,but not whencolouredpatterns were

usedinstead (Ruddle, Payne & Jones,1997). Tlauka and Wilson (1994) found that

landmarks were useful for way�nding when other strategies, speci�cally counting

left and right turns, weresuppressedby an arti�cial increasein workload (backward

counting).

Although there are no common metrics that can be applied to measurethe

overall content of a scenefor the availabilit y of navigational cues,research hasbeen

conductedon the notion of scenecomplexity. The suggestionhere is that the more

complexthe visual scenethe morenavigational cueswill beavailablefor the updating

of self-position and orientation within a VE. In an experiment by Oliva, Mack,

Shrestha, and Peeper (2004) participants were asked to hierarchically group 100

colour imagesof indoor scenesin order of visual complexity. One group was told

that visual complexity related to how di�cult it would be to describe the scene

by a verbal description, while the secondgroup was told that complexity related

to how di�cult it would be to make senseof the structure of the scene.The �rst

group orderedthe imageslargely basedon the quantit y and variety of objects and

colours,while the secondgroup orderedthe imagesbasedon the organisationof the

spatial layout of the image,i.e. clutter, symmetry, and open space.It appearsthat

the �rst group made their judgments basedon the scenethat the image depicted

whilst the secondmade their judgments basedon the con�guration of the image.

Oliva et al. (2004) suggestthat becausethe hierarchical grouping order di�ered

signi�cantly betweenthe two groupsof participants, complexity wasbest described

by a multiple set of perceptualdimensionsincluding the number of objects, colour,

clutter, symmetry, open space,and organisation. All of which could potentially be

useful for di�eren tiating one location in a VE from another.

Finally, the research cited in this section suggeststhat the amount of visual

information contained within a scenecan a�ect participants' abilit y to perform spa-

tial tasks in a VE. Consideringthat real world scenesusually contain a great deal
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of visual information, a VE that replicates a real world sceneis likely to contain

a similar amount of orientation cuesgiven the sameFOV. However, even with a

VE visually similar its real world counterpart real world navigation performanceis

seldomobtained ((Witmer, Bailey, Knerr & Parsons,1996;Sinai, Krebs, Darken,

Rowland & McCarley, 1999;Witmer & Kline, 1998)).

2.3 Mo vement In terface

Our abilit y to move around a virtual spacedirectly in
uences our perceptionsof

that space.The designof the movement interface,and a users'pro�ciency at using

it will, therefore, directly in
uence their abilit y to perform spatial tasks. In fact,

pro�ciency with the interface, measuredby timing participants' performanceon

various simple navigational tasks in a VE maze,has beenshown to be one of the

most important factorsa�ecting individuals' abilit y to perform spatial tasksin large-

scaleVEs (Waller, 2000).

As stated previously, there are three main directional elements to movement in

a VE: the direction of a person'sview, the orientation of their body, and their direc-

tion of travel (Ruddle & Jones,2001). Altering the relationship betweenthesethree

elements createsview-direction (gaze-directed)travel (Bowman, Johnson& Hodges,

2001;Bowman, Koller & Hodges,1997)wherethe usercan only travel in the direc-

tion they are looking. Body-direction travel, wherethe headingof the body and the

direction of travel are locked together, but the direction of view can be manipulated

independently. Lastly, independent movement, wheretravel is independent of both

the viewing direction and body direction.

A characteristic of VE navigation is that peopletend to travel in paths that are

generallystraight (Ruddle & Jones,2001). This is perhapscausedby the designof

the movement interface, and if a greater number of DOFs are available to a user

(e.g.,by implementing independent rather than view-direction travel) then it will be

easierfor them to deviatefrom a straight-line path. Of course,peoplearemorelikely

to exploit theseadditional DOFs if they arecontrolled in a coordinated and, ideally,

natural manner. However, the greaterthe number of DOFs available to the userthe

greaterthe cognitive e�ort requiredto control the interface,soa high DOF interface

generallytakesmore time to learn than onewith fewer DOFs. Thus, interfacesthat

provide a large number of DOFs (
exible movement) have both advantages and

disadvantages.

One of the main ways of displaying immersive VEs is via a HMD, the position
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and orientation (pitch, yaw, and roll) of which can be tracked using a variety of

the tracking devicesoutlined in Chapter 1. Thesetechnologiesallow rotation and

position changein the real world to be usedto update rotation and position in the

VE. The HMD usesthe samemusclegroups (i.e. neck and leg muscles)as those

used for looking around and travelling through a real environment and therefore

provides a more familiar way to vary one's view of a VE than using a mouseand

keyboard, which are the devicesmost commonly usedfor navigating desktopVEs.

Dependingon the tracking devicesthat are used,an HMD may be usedin either

a \tethered" mode or a \ro ving" mode. With a tethered HMD the user'sphysical

changesof orientation are tracked, but changesof position are controlled using an

abstract interface such as holding down a button on a 3D mouse. With a roving

HMD the user'sphysical position and orientation are tracked, so the usermay walk

through the environment as if they were physically there. However, a roving HMD

canonly beusedif a largeempty physicalspaceis available,and the costof extended

rangeposition tracking can be justi�ed.

Research performed using a variety of basic spatial tasks indicates that physi-

cal rotational movements are much more important than translational movements.

Direction estimatesbetweenobjects in a room-sizedspacewere made signi�cantly

moreaccuratelywhenparticipants physically rotated than whenthey imaginedthey

had doneso(Presson& Montello, 1994;Rieser,1989). Path integration is accurately

performedif participants actively or passively make physical turns, but not if they

make virtual turns (visual information presented on an HMD) or observe someone

elsephysically walking (Klatzky, Loomis, Beall, Chance& Golledge,1998). Judge-

ments of anglesturned though are moreaccuratewhenparticipants physically turn,

with or without visual information, and lessaccurateif only visual information and

no body-based information is provided (Bakker, Werkhoven & Passenier,1999).

However, in a comparable, and more recent experiment (Expt. 1, turn&go) by

Riecke, van Veen,and B•ultho� (2002), participants viewed a VE, a �eld of blobs,

on a 180degreesFOV projection screenand navigated via a three button interface.

Contrary to the errors found in the study by Bakker et al. (1999) the optic 
o w

information provided by the �eld of blobs seemsto have been su�cien t for accu-

rate visual translations and rotations. Riecke et al. suggestedthat the projection

screenmight have provided an adequateframe of referencefor the task. They also

conductedtwo paper-and-pencil spatial abilit y tests and found that they correlated

with participants' navigation abilit y in two other, similar, experiments, suggesting

that spatial abilit y is alsoa contributing factor to performance.
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Studieshave also investigatedthe contribution of vestibular and proprioceptive

cues for complex spatial tasks and acquiring knowledge about large-scalespaces.

Waller, Loomis, and Steck (2003) comparedparticipants' abilit y to point and esti-

mate distancesbetween�v e placesin a previouslyunknown real-world environment.

The �rst group (full-cue) weredrivenalonga 1600mround trip while a camera,�xed

inside the car, recordedthe journey. Another group (vestibular) sat in the back and

watched the scenethrough the cameravia a HMD, they thereforereceived the same

vestibular cuesas the full-cue group. The third group (non-matching) watched the

video of the journey via an HMD while they were driven on a di�eren t trip, and

therefore received con
icting vestibular cuesto the full-cue and vestibular groups.

The last group (video) watched the video on their HMD while seatedstationary in

a laboratory. There were only signi�cant di�erences betweenthe full-cue condition

and the three HMD conditions. The mismatch or even the absenceof vestibular

cuesmadeno signi�cant di�erence to the acquisition of spatial layout betweenthe

three HMD conditions. Waller et al. (2003)suggestedthat factorssuch asthe FOV,

visual �delit y, and the abilit y to actively look around a�ect the acquisitionof spatial

knowledgeof larger scalespacesmore than vestibular cues. However, this is con-

tradicted by a subsequent study by the samegroup of researchers. Waller, Loomis,

and Haun (2004) investigatedthe spatial knowledgegainedfrom an 840metre jour-

ney through a university campus. One condition physically walked along the route

and viewed the scenevia a camerathat simultaneouslydisplayed the imagesto the

walking participants' HMD and recordedthe imagesfor later use. The secondgroup

watched the previously made video and their direction estimatesbetween the �v e

locations weresigni�cantly lessaccuratethan the group that had learnedthe route

by walking, although the magnitude of the di�erence was relatively small.

The provision of vestibular and proprioceptivecuesjust for rotational movements

generally has little e�ect when participants are asked to perform search tasks in

virtual spaces. In a similar task to the one used throughout this thesis, Ruddle

and Jones(2001) investigated participants' abilit y to search a VE using either a

desktop monitor or a tethered HMD. They found that there were no signi�cant

di�erencesbetweenthe two conditions; in both casesparticipants had greatdi�cult y

completing the task in a �fth of the trials.

Ruddle, Rayne, and Jones(1999) comparedthe e�ects of two display devices

(tethered HMD and a desktopmonitor) on participants' abilit y to learn the layout of

a complexlarge-scaleVE with morethan 70rooms. Participants that usedthe HMD

navigated the buildings signi�cantly quicker and weresigni�cantly moreaccuratein
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estimating relativestraight-line distancesbetweenpreviouslyseentargets than those

that usedthe desktopmonitor. However, more recent research using a similar task

found that participants estimated relative straight-line distancesmore accurately

with a desktopdisplay than a tethered HMD (Ruddle & P�eruch, 2004).

The provision of vestibular and proprioceptive feedback for rotational and trans-

lational movements in a VE is bene�cial for the navigation of large-scalespaces.

Chance,Gaunet, Beall and Loomis, (1998) asked participants to travel through a

3x4 metre virtual maze,displayed via a HMD, and point to objects that had been

encountered en-route. There were three experimental groups: participants either

physically walked though the maze,made physical rotations to look around while

translating with a joystick, or performed both rotations and translations with the

joystick. Physical walking producedsigni�cantly more accuratedirection estimates

than thosethat usedthe joystick for movement.

In another complex task (Grant & Magee, 1998), participants were asked to

estimate the direction of the start position at eight locations along a route though

7400squaremetresof a real museumor low visual �delit y virtual museum. In the

training sessionparticipants either physically walkedthough the real museum(RW),

or viewed the virtual museum via a rotationally tracked HMD where they either

walked in place(VE-walk) or useda joystick to travel (VE-joystick). Resultsshowed

that participants that physically walked through the museumproducedsigni�cantly

moreaccuratedirection estimatesthan thosein either of the two VE conditionsthat

travelledwhilst stationary. Participants werethen asked to visit the eight targets in

a new sequencewherethe shortest route was not the route participants wereasked

to take in the training session.Participants who usedthe joystick, which provided

minimal proprioceptivefeedback, travelleda signi�cantly greaterdistancethan those

in the other two conditions. Proprioceptive feedback, provided by physical walking

or by the VE-walk movement technique, a pawing foot motion, allowed participants

to gain greater knowledgeof the spatial layout of the museumso that they were

able to take short cuts to the next target.

The possiblebene�ts of walking in place over more abstract movement tech-

niqueshave alsobeeninvestigatedin other studies. Slater, Usoh, and Steed(1995)

asked two groupsof participants to pick up an object and move it to another virtual

room. Participants that used a walking in place technique reported an increased

senseof presenceover those that indicated their desireddirection by pointing and

translating with the use of a mouse. However, participants preferred to use the

pointing technique and there wereno metrics usedwith which to comparetask per-
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formance. More sophisticatedalgorithms for walking in placehave beendeveloped

by Templeman,Denbrook and Sibert (1999).

Finally, Zanbaka, Lok, Babu, Xiao, Ulinski and Hodges(2004) comparedpar-

ticipants' abilit y to gain spatial knowledgefrom a VE using oneof four methods of

travel that rangedfrom navigating while stationary (they looked at a monitor and

travelled using a joystick) to physically walking through the VE (real walking with

an HMD). Participants that walked in the VE gainedmore knowledgeand under-

standing of the VE than participants that usedthe other methods of travel. This

suggeststhat the more familiar the method of travel the more cognitive resources

can be allocated to understandingthe scene.

To summarise,all real-world human navigation involves someform of physical

motion. Information from translations and rotations of locomotion are combined

with visual information, and other sensoryinformation, to aid e�cien t navigation

however, little is known about the contribution madeby each source. Participants

frequently encounter di�culties navigating VEs whenthey are physically stationary

and when only visual information is presented, for example,on a desktop monitor

(Ruddle & Jones,2001). Combining physical rotation with an abstract meansto

changesone's position allows simple navigational tasks such as path integration

to be accurately performed (Presson& Montello, 1994; Klatzky et al., 1998) but

do not seemto aid more complex tasks such as learning the layout of a virtual

building (Ruddle et al. 1999;Ruddle& P�eruch, 2004). However, walking through an

environment and changing both position and orientation in a physical, rather than

abstract, manner producesa modest but signi�cant improvement in performance

when learning the location of objects along a route, (Chanceet al., 1998;Grant &

Magee,1998;Waller et al. 2004).

Although studieshaveshown that it is possibleto learn complexnavigation tasks

in desktopVEs (Ruddle et al. 1997),spatial learning takesplacesubstantially more

slowly and is lessaccuratewhen comparedto the knowledgegained from the real

world. Both visual content of the sceneand the FOV have been shown to e�ect

participants' abilit y to navigate e�cien tly. Increasing the visual content of the

sceneincreasesthe amount of landmark information available, allowing nearperfect

performancefor simplespatial tasks(Rieckeet al. 2002)but not morecomplextasks

(Witmer et al. 1996). A restricted FOV has beenshown to e�ect the perceptual

layout of spaces,but only when it is 22 degreesor less(Alfano & Michel, 1990).

Although judgements of egorotations are performed more accurately with a wide

FOV than with a narrow FOV (180degreesvs. 24 degrees),with a wide FOV errors
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quickly increaseasa task becomesmorecognitively demanding(Riecke et al., 2002;

Bakker, et al., 1999).

2.4 Metrics

Ruddle and Lessels(2004) categorisethree levels of data that can be usedfor the

evaluation of navigation. The top level metric (level 1) measurestask performance.

The middle level metric (level 2) relates to the physical behaviour of participants

and examinesthe actions they make in order to achieve their navigation goals.

The lowest metric (level 3) examinesthe rationale of participants, and attempts to

uncover the decisionmaking processthat led to the participants adopting certain

behaviours. The majorit y of studies that investigatenavigation in VEs uselevel 1

metrics to evaluate aspects of the VE system, with common examplesbeing time

taken, distancetravelled, and the number of correct/incorrect turns made.

Level 2 metrics attempts to provide an explanation as to how performancewas

achieved, examplesinclude the examination of movement subtasks(e.g. time spent

moving vs. looking around), and how the interface was used (e.g. proportion of

time spent using various controls). It is important to analyseusers' navigational

behaviour, becausesubtle changesin that behaviour can lead to drastic changes

in navigational performance. In other words, it is behaviour that often dictates

performance. Relatively few present studies have analysed behavioural metrics,

however, onerecent study that hasis by Czerwinskiet al. (2002). Participants were

asked to �nd target objects and move them to prede�ned locations as quickly as

possible.With a novel navigation technique (the faster participants moved forward

the higher and steeper they viewed the VE) malesperformed faster then females

with a narrow FOV, but with a wide FOV females'speed increasedto equal that

of males. Data analysiswasnot only performedon performanceresults (speed)but

also on how participants achieved those results. The behavioural metric showed

that malestravelled higher than femaleswith the narrow FOV, while both genders

travelled higher with the wide FOV. Also, in the wide FOV, there were di�erences

in the useof strategy betweenthe genders,femalestravelled lessdistanceto achieve

a faster time, while malestravelled further, but quicker, to achieve a faster time.

Another study to investigatemovement behaviour, in this casesearch strategy,

wasDarken and Sibert (1996). Participants wereasked to �nd �v e ships in a large-

scaleVE in four conditions that varied in the amount of navigational assistance.

Participants that wereprovided with a map searchedusinga systematiclawnmower
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strategy, and when a radial grid was superimposedover the environment or map

they usedthe lines as paths to structure their search. Participants with no map or

grid assistance,however, followed the coastlineof the islandsand executedine�ec-

tiv e searches,often searching the sameplacemore than once,travelled further and

took more time to completethe task. Thesebehavioural metrics show the di�eren t

strategiesadoptedand illuminate how performanceresults occurred.

Level 3 metrics refer to participants' rationale for making decisionswhile nav-

igating. Techniques include recording on and o� screenactivates and conversa-

tions during and/or after navigation (Murray, Bowers, West, Pettifer & Gibson,

2000;Gamberini, Cottone, Spagnolli,Varotto & Mantovani, 2003)or askingpartic-

ipants to `think aloud' to verbalisetheir thoughts whilst engagedin the navigation

task (Darken & Banker, 1998;Sullivan, Darken & McLean, 1998). However, while

thesemetrics give valuable insight into the navigation process,they have only oc-

casionally been used in studies of navigation and were not used at all during the

studiesdescribed in this thesis.

2.5 Summary

The navigation research reviewed in this chapter highlights many gapsin our under-

standing of the way FOV, visual �delit y, and the movement interfacea�ect naviga-

tion in virtual environments. The experiments in this thesis investigate the e�ects

of a restricted FOV in a real and virtual environment; the a�ects of three levels of

visual scene�delit y; and the a�ects of the movement interface and physical move-

ment, during a spatial search task in virtual spaces.The results of the experiments

areanalysedusingtwo of three levelsof metric (seesection2.4, i.e. performanceand

behaviour). Moreover, interactions betweenthesethree aspectsof a VE application

are also studied and analysedto provide a more comprehensive understanding of

how humansnavigate virtual spaces.

35



Chapter 3

Overview of the Exp erimen ts

3.1 In tro duction

As the generalformat of all the experiments was similar, and to avoid repetition,

this chapter providesan overviewof the experimental task, method, procedures,and

conditions which are usedthroughout the studies. The search task usedthroughout

all of the experiments reported in this thesis is basedon the task originally devised

by Ruddle and Jones(2001). In that original study participants wereasked to travel

arounda small 10metrex 10metrecluttered environment searching for eight targets

in amongst 16 possible locations. To do this search task e�cien tly participants

had to remember where they had travelled and minimize the extent to which they

retraced their steps.

3.2 Materials

In the original study the presenceof a blue-topped cylinder signalled a possible

target location (seeFigure 3.1a), and targets wereplacedin a recessin the blue top

so they were visible whenever participants were within a distance of 0.747meters

and looking in the appropriate direction. However, during data analysis it was

not possibleto distinguish betweenoccasionswhen participants travelled to a blue-

topped cylinder to check for a target inside,and occasionswhenparticipants passed

oneof the cylinders while en-route to another.

To help analyseparticipants' behaviour asthey conductedthe search task in the

present experiments this ambiguity was prevented by a small modi�cation to the

designof the cylinders. Targetsand decoys were indicated by the presence,on top
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a)

b)

c)

Figure 3.1: a) The target and decoy cylinders usedin the original study of Ruddle
and Jones(2001). b) The target and decoy boxesusedin the sports hall VE studies.
c) The white plastic boxesusedin the real world study.
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of a cylinder, of a small white box with a blue lid. Target boxes each contained a

target object (a red square;seeFigure 3.1b) while the decoy boxes were identical

but with the red squareabsent. In the real world study the box and lid wereplastic

and the target object was a piece of red card. With this design if a participant

wanted to search a box for a target they had to raise the lid and look inside. This

indicated that the participant wasmaking a consciousdecisionto search for a target

in that box.

The VE application usedfor all of the virtual experiments wasa modi�ed version

of the softwareusedin the original Ruddleand Jones(2001)study, adaptedto re
ect

the changesmadefor data analysisto the decoy and target boxes. The VE software

was written in C++ and OpenGL Performer and ran on a SGI Onyx 3400and on

a SGI Onyx 4.

3.2.1 Environmen ts

Figure 3.2: The con�guration of the cyclinders,eight groupsof four with the 33rd
in the centre.

The experimental environments all had the samegeneralstructure. This com-

prised33 cylinders,32 of which werearrangedin eight identical groupsof four, with

the 33rd cylinder positioned in the centre (seeFigure 3.2). All cylinders measured

1.35 metreshigh and were either 0.5 or 0.15 metres in diameter, depending on the

particular environment. The positions of the target and decoy boxes,for each trial,
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werede�ned by the samerule usedto position the blue-topped cylinders in the orig-

inal study. That is, within each group of four cylindersonewasrandomly chosento

be the target and another a decoy. This ensuredthat the targets and decoys were

distributed around the environment.

Figure 3.3: Photograph of the real world environment.

One real-world and six virtual environments werecreated. The real world envi-

ronment location was the University of Leedssports hall (seeFigure 3.3). A total

of 36 cylinders were made from corrugated paper, 33 cylinders were arranged in-

side the sports hall while three were placed outside and used to explain the task

to participants. A climber's rope was placedaround the perimeter of the cluttered

environment, substituting the colouredwalls that de�ned the spacein the original

VE. On top of 16 of the cylinders wasplaceda small plastic box, with a blue lid. A

target object wasa small squarepieceof red card inside a box. Participants carried

with them eight blue cards and deposited them on top of the eight red cards, this

replicated the on-screencounter and the target objects that turned from red to blue

in the original study.

The high �delit y sports hall VE (seeFigure 3.4a) was a photo realistic model

of the real world sports hall and usedtextures captured by digital camerafrom the


o or, walls, and ceiling of the real sports hall. The designof the target and decoy
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a) b)

Figure 3.4: a) High �delit y sports hall VE. b) Low �delit y sports hall VE.

a) b)

Figure 3.5: a) High �delit y sports hall VE with no 
o or lines. b) Medium �delit y
(brick tiles) sports hall VE with no 
o or lines.

boxesreplicated the plastic boxesusedin the real world study, and a 0.1 metre high

perimeter grey curb de�ned the navigable space. The low �delit y sports hall VE

(seeFigure 3.4b) was the sameas the high �delit y sports hall VE except that the

sports hall textures and geometrythat surroundedthe navigable spacewas absent,

each low perimeter curb was a di�eren t colour, and only the navigable spacehad a

surfacewhich was colouredblue. This VE most closely resembled the VE usedin

the original Ruddle and Jones(2001) study.

Two other virtual models of the sports hall were created. One was identical to

the high �delit y sports hall except that the 
o or lines used for sporting activities

(basketball and badminton etc.) wereabsent (seeFigure 3.5a). The other usedthe
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samegeometryand 
o or texture asthe line-lesshigh �delit y sports hall VE but the

walls were renderedusing a small tiled brick texture (seeFigure 3.5b).

a)

b)

Figure 3.6: a) Photograph of the University of LeedsSchool of Computing virtual
reality laboratory. b) Plan view of the laboratory.
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The �fth VE was a photorealistic model of the School of Computing virtual re-

ality laboratory (seeFigure 3.6) and wasconstructedusing imagesof the laboratory

surfacesastextures which, like the high �delit y sports hall VE, werecaptured using

a digital cameraand usedto create38 separatetextures ranging from 4 Kb to 5.8

Mb and totalled 30 Mb in RGB format. The cylinders in this environment were

0.15 metres diameter, to allow all 33 to �t within the spaceconstraints of the lab

(seeFigure 3.7a). The 6th VE had the samecylinder layout as the photorealistic

VR lab, but without the textures (seeFigure 3.7b).

a) b)

Figure 3.7: a) The high �delit y virtual reality laboratory. b) The low �delit y virtual
reality laboratory.

3.2.2 Displa y and Field of View

The real world experiment had two FOV conditions, full-view and restricted-FOV.

There wasno restrictions to participants in the full-FOV condition, but participants

in the restricted-FOV condition wore modi�ed safety goggles(seeFigure 3.8) that

reducedeach eye'sFOV down to approximately 20 degreeson the horizontal and 16

degreesin the vertical direction.

In the normal-FOV desktopconditions the VE wasviewed with a 48 x 39 degree

graphical FOV via a CRT colour monitor with a 475mm x 300mm viewable screen

size. The resolution was 1280 x 1024 pixels and the refresh rate was 72 Hz. All

participants viewed the monocular displayed VE from a distanceof approximately

60 cm. Participants in the wide-FOV conditions used the same monitor as the

normal-FOV conditions but with two additional monitors of the sametype and size
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Figure 3.8: Gogglesusedin the real world restricted-FOV condition.

placed on its left and right. Each monitor displayed 1 of 3 viewing frustums at a

resolution of 800x 600pixels creating a 144degreeshorizontal graphical FOV.

Both the HMD conditions used a Virtual Research V8 HMD (seeFigure 1.9)

that displayed two stereoimagesseparatedby a participant's interpupillary distance

(IPD). Each VE was viewed with a GFOV of 48 degreeshorizontal x 36 degrees

vertical, which matched the PFOV of the HMD. Each LCD screenprovided a 640

x 480pixel display at 60 Hz.

3.2.3 Mo vement In terface

There were two desktop movement interfaces, providing forward-only and 4-way

movement control. Participants travelled around the VE using the keyboard cursor

keys for movement acrossthe horizontal plane. Motion was continuous and at a

speedof either 1 m/s (sports hall VEs) or 0.5m/s (VR lab VEs) while the cursor

keys were depressed,and stopped when released. In the forward-only condition

(view-direction movement) participants could only travel forward in the direction in

which they werelooking, achievedby holding down the 'up' cursorkey. In the 4-way

(independent movement) condition they could move forward, back, left, and right

acrossthe horizontal plane of the VE and could also travel diagonally by holding

down pairs of keys (e.g. forward and left). In both of thesemovement interfaces

the mousewas usedto control the participant's direction of view. Looking up and

down wasachieved using zeroorder control; by moving the cursorup the screenthe

viewing pitch increasedby up to +90 degrees,and the viewing pitch decreasedby

a corresponding amount if the cursor wasmoved down the screen.Looking left and

right was accomplishedusing �rst order control with the rate of turning increasing

proportionally with the cursor's distance away from the vertical centreline of the
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screen.The maximum rate of turning was 135degrees/second.

Participants could raise and lower the lids of the target and decoy boxes by

pressingthe left mousebutton. Pressingit onceraisedthe lid, and pressingit again

loweredthe lid. If there wasa target present inside the box the participant pressed

the right mousebutton to selectit, the target then turned from red to blue indicating

that it had beenfound, comparableto the depositing of a blue card on top of a red

target in the real world experiment. The lid was then loweredautomatically by the

VE software. The software prevented participants from moving away from any box

until its lid was lowered. A lid could only be raised, and a target selected,if the

participant waswithin 0.747metresof the centre of the box (i.e. they wereadjacent

to it), it was within the participant's FOV, and the box's cylinder was the closest

cylinder to the participant's virtual self.

There werealsotwo HMD interfaces,tethered and roving. Both conditions used

an HMD (seeFigure 1.9) with an IntersenseInertiacube2inertial sensorattached to

track the participant's headpitch, roll, and heading(yaw) which were then usedto

update the view of the VE. In the tethered HMD condition participants controlled

their forward movement by holding down a button on a 3D mouse(seeFigure 1.5),

the speed of movement was the sameas for the desktop interface. In the roving

HMD condition, however, the participant physically walked around the laboratory

and their position was tracked by a World Viz PrecisionPosition Tracker and used

to update the participant's position in the VE.

3.3 Exp erimen tal Conditions

A total of four behavioural experiments wereperformed,summarisedin table 3.1. In

the real world experiment there weretwo FOV conditions, full-FOV and restricted-

FOV. Particpants in the full-FOV condition conductedthe search task with a full

human FOV, while the restricted-FOV participants searched the spacewhilst wear-

ing view restricting goggles.

Experiment 2 and 3 used VE models based on the sports hall. Experiment

2 contained four conditions, and participants searched the VE using one of two

movement interfaces,forward-only or 4-way movement control, and oneof two visual

scenes,high or low �delit y. Experiment 3 alsocontained four conditions;participants

searched using either a normal FOV, via one monitor, or a wide FOV, via three

monitors, while viewing either a high or medium �delit y visual scene. The high

�delit y scenewas essentially the sameas the VE used in the secondexperiment
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Table 3.1: The conditions and proceduresusedin the four experiments.

Exp erimen t Environmen t In terface Displa y FOV
(degrees)

num ber of
practice
trials

test
trials

1
real-world sports hall real walking real world 200 x 120 1 (real world) 3
real-world sports hall real walking real world 20 x 16 1 (real world) 3

2

low-� sports hall VE forward-only desktop monitor 48 x 39 2 (desktop) 4
hi-� sports hall VE forward-only desktop monitor 48 x 39 2 (desktop) 4
low-� sports hall VE 4-way movement desktop monitor 48 x 39 2 (desktop) 4
hi-� sports hall VE 4-way movement desktop monitor 48 x 39 2 (desktop) 4

3

brick-tiled sports hall VE with no 
o or lines forward-only desktop monitor 48 x 39 2 (desktop) 4
hi-� sports hall VE with no 
o or lines forward-only desktop monitor 48 x 39 2 (desktop) 4
brick-tiled sports hall VE with no 
o or lines forward-only desktop monitor 144 x 39 2 (desktop) 4
hi-� sports hall VE with no 
o or lines forward-only desktop monitor 144 x 39 2 (desktop) 4

4

hi-� VR laboratory forward-only desktop monitor 48 x 39 4 (desktop) 4
hi-� VR laboratory tethered HMD HMD 48 x 36 2 (desktop) +

2 (HMD)
4

hi-� VR laboratory roving HMD HMD 48 x 36 2 (desktop) +
2 (HMD)

4

low-� VR laboratory forward-only desktop monitor 48 x 39 4(desktop) 4
low-� VR laboratory roving HMD HMD 48 x 36 2 (desktop) +

2 (HMD)
4
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except that the 
o or consistedof a repeatedbasetexture, as the sports court lines

were absent. The medium �delit y VE contained lessdetail on the walls because

they were renderedwith a small brick texture.

Experiment 4 usedVE models basedon the School of Computing virtual real-

it y laboratory. The main experiment contained three conditions, desktop, tethered

HMD, and roving HMD, and each used a high �delit y visual scene. The supple-

mentary experiment contained two conditions, desktopand roving HMD, and used

low �delit y VEs. Participants in the two desktopconditions searched the VE while

seatedstationary in a chair and viewed the VE via a desktopmonitor. In the three

HMD conditions participants viewed the VE via a HMD that was tracked in three

axesof rotation. In the tethered HMD condition participants stood and turned in

place to view the VE while travel was achieved by holding down a button on the

3D mouse. The two roving HMD conditions were similar except that participants

physically walked to update their position in the VE. All three HMD conditions

were conducted in the real VR laboratory while the two desktop conditions were

conductedin another room.

The motivation for thesevarious experiments wasas follows. The real world ex-

periment (Experiment 1) wasconductedto investigatetwo factors. First to con�rm

what had beenassumedin the previousVE study (Ruddle & Jones,2001)that this

task would be trivial to perform in the real world, and to provide a \gold standard"

of participants' performancefor future research. Second,to investigateparticipants'

performancewhen their FOV of the real world scenewas substantially restricted.

Experiment 2 was then conductedto bridge the gap betweenthe original VE study

and the real world environment used in Experiment 1 by investigating the e�ect

of two di�eren t desktop movement interfacesand two visual scenecharacteristics

on participants' search performancein a desktopVE. Experiment 3 was conducted

to further investigate the possiblee�ects of di�eren t FOVs and two visual scene

characteristicson participants' search performance,again in a desktopVE. Finally,

Experiment 4 wasconductedto investigatethree di�eren t movement interfacesthat

di�ered in terms of the proprioceptive and vestibular information that wasprovided

for rotational and translational movements.

3.4 Pro cedures

The proceduresfor the experiments followed a similar procedureto that of the orig-

inal Ruddle and Jones(2001). Each participant �rst practiced using the interface
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until they could 
uen tly usethe controls. The participant then performedpractice

trials that allowed him or her to becomefamiliar with the search task, and then

completedsometest trials. All participants were asked to minimize their journey

path and to avoid checking each possibletarget location more than once. Each trial

beganat the stating point in the boundary recess(seeFigure 3.2) and participants

searched until they had found all eight targets. Participants wereinformed that the

targets were always in the white boxes, but that their positions changedbetween

trials. No feedback wasprovided on participants' performanceor their search strat-

egy. The exact details of the interface and the number of practice and test trials

di�ered betweenthe setsof experiments (seetable 3.1).
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Real World Navigation and FOV

4.1 In tro duction

The experimental task for the real world experiment wasessentially the sameasthe

task usedfor the original VE study by Ruddle and Jones(2001)and wasconducted

to investigatetwo factors. First to con�rm what had beenassumedin the previous

VE study, that this task would be trivial to perform in the real world, and to

provide a \gold standard" of participants' performancefor future research. Second,

to investigate participants' performancewhen their FOV of the real world scene

was substantially restricted (to 20 x 16 degreesin each eye). Considering that a

restricted FOV has been shown to hinder participants' abilit y to perform simple

real world spatial tasks, it was hypothesizedthat restricting the FOV for this real

world search task would producea decreasein performance(slower search or greater

distancetravelled) when comparedto participants with no visual restrictions.

The experiment was conductedover two days in the university's sports hall. A

betweenparticipants designwasused,with participants randomly allocatedto either

the full-view (normal) or restricted-FOV condition.

4.2 Metho d

4.2.1 Participan ts

Ten participants took part in the experiment. Their agesranged from 18 to 36.

All participants were either graduatesor undergraduateswho volunteered for the

experiment and werepaid an honorarium for their participation. All gave informed

consent.
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4.2.2 Materials

The real world study was held in the university sports hall (Figure 3.3) and the

designof the environment was comparableto the original VE study, seeChapter 3

for a description. In the restricted-FOV condition, participants woremodi�ed safety

goggles(seeFigure 3.8) that restricted the participants FOV, seeChapter 3 for a

description.

4.2.3 Pro cedure

The procedurefor the real world experiment wassimilar to the procedureusedin the

original VE study. Each participant performedfour trials. The �rst wastreated asa

practice trial and the three subsequent trials weretreated astest trials. Participants

performed the trials individually and took approximately 35 minutes to complete

the experiment.

For each trial, a participant wasgiveneight piecesof blue card and asked to walk

around the environment depositing thesecardson top of the eight red cards(target

objects) inside the target boxes. This ensuredthat if they revisited a target box

during a trial, they would know this by the presenceof the previouslydepositedblue

card. Participants were asked to walk at a normal speed, minimize their journey

path and avoid researching possibletarget locations They were also asked to place

each box lid back the way they had found it so that they wouldn't be able to know,

simply by looking at the lid, if they had already visited that box during that trial.

To prevent participants seeingthe positionsof the boxesbeforethe beginningof the

trial, they waited outside the sports hall while the targets and decoys were placed

in position, and then blindfolded while being guided to the starting point for each

trial (the boundary recess;seeFigure 3.2). The start of the trial was signalledby

the removal of the blindfold.

Participants searched until they had found all eight targets, and then left the

hall and waited outside while the boxeswere repositioned ready for the next trial.

No feedback was provided on participants' performanceor the search strategy that

had been adopted. The procedure for the participants under the restricted-FOV

condition was the sameexcept they conducted the trials whilst wearing the view

restricting goggles. Theseparticipants were asked to look at the 
o or while they

were guided to the starting point, and the restricted view renderedthe blindfold

unnecessary.

The positions of the target and decoy boxes, for each trial, were de�ned by the
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samerule usedto position the blue-topped cylinders in the original study. That is,

within each group of four cylinders one was randomly chosento be the target and

another a decoy. This ensuredthat the targets and decoys weredistributed around

the environment.

During each trial three types of data were recorded. First, the time that each

participant took to complete the task was recorded. Second,the route that each

participant travelled was sketched on a plan of the environment. Finally, each trial

was recordedon videotape, which was then used after the experiment to con�rm

both the time taken and the route travelled.

4.3 Results

Participants' performancein each trial was measuredusing two primary types of

data:

1. Task performance

(a) Time taken to �nd the eight targets

(b) Total number of visits to target and decoy boxesduring a trial

(c) Distance travelled (percentage above the optimum route length)

2. Behaviour

(a) Search strategy

Statistical analysesof the data were performed using mixed designanalysesof

variance(ANOVAs) that treated the �eld of view as a betweenparticipants factor

(full-F OV vs. restricted-FOV) and the trial number as a repeated measure. Only

data for the three test trials wereanalysed.Noneof the interactionsweresigni�cant.

4.3.1 Task performance

Due to an error, time data for the �rst test trial of oneparticipant werenot recorded.

The time that participants took in the full-FOV (M = 94.4 s, SD = 26.9) and

restricted-FOV conditions (M = 104.3s, SD = 22.0) was similar (F (1, 7) = 0.95,

p > .05). Also, the time taken in the test trials did not changesigni�cantly as the

test trials progressed(F (2, 14) = 0.47,p > .05). Participants started to search the

environment as soon as the trail started, stopped momentarily (or sometimesjust
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slowed down) to check the boxes,and rarely stopped betweentarget or decoy boxes

to look around.

The total number of visits to target and decoy boxes did not di�er between

FOV conditions (M = 15.3 in both cases),or between the three test trials. In 27

of the 30 trials participants did not revisit any target or decoy boxes,meaningthat

thesetrials werecompletedwith optimal e�ciency accordingto this metric. In the

full-FOV condition, oneparticipant revisited two boxesin onetrial (seeFigure 4.1)

and, in the restricted-FOV condition, two participants each revisited onebox in one

trial (seeFigure 4.2). In the full-FOV condition participants found all eight targets

before reptetition in 93% of trials, while in the restricted-FOV condition 86.7%of

trials wereconductedperfectly.

Figure 4.1: The path shows that the participant in the full-FOV condition revisited
two boxes(circled). T = target, D = decoy.

Figure 4.2: Two paths walked by two participants who revisted one box each (cir-
cled), in the restricted-FOV condition.

51



Chapter 4 Real World Navigation and FOV

The distance that participants travelled was comparedto the shortest possible

distance,calculated using a travelling salespersonproblem (TSP) algorithm. First

the distance travelled by a participant in a trial was approximated by calculating

the straight line distancebetweenthe start point and the centres of the target and

decoy boxes, in the order that they werevisited.

The TSP program usedto calculate the shortest possibleroute was written in

C++ by the authors and utilized an algorithm obtained from the Combinatorial

Object Server (Ruskey & Sawada, 2002). Unlike conventional TSP algorithms, the

software implemented did not have to �nd a solution that started and �nished in

the sameplace. Instead it found the shortest route for a one-way, outward-bound

trip, which endedat the last visited target.

An exampleof an actual route taken by a participant in a trial and the corre-

sponding solution calculated by the TSP program is shown in Figure 4.3. In this

examplethe participant did not visit the last decoy box becausethe task was com-

plete when the eighth, and �nal, target wasfound. The program, however, included

this decoy (circled) aspart of its initial solution but then remediedthe inconsistency

by subtracting the last route segment from the distance that was calculated. The

TSP program then drew the shortest route on a plan view using OpenGL.

Figure 4.3: A sketch of a participant's route through the environment in the real
world experiment (left), T = target, D = decoy. The shortest route, as calculated
by the TSP program (right). The route endsat a decoy (circled) so the program
subtracted the distance of the last route segment. In this trial, the participant
followed the shortest route.

In each trial, the distancethat participants travelled was derived by expressing

the distancethat participants travelledasa percentageabove(or below) the distance

of the shortestpossibleroute. There wasno signi�cant di�erence in this percentage
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between full-FOV (M = 10.5%, SD = 13.5) and restricted-FOV conditions (M

=15.0%, SD = 18.4), (F (1, 8) = 0.37, p > .05), or between the three test trails

(F (2, 16) = 0.03, p > .05). The only trial in which there was an exact match

betweenthe path taken by a participant and that calculated by the TSP program

is the oneshown in Figure 4.3.

Someparticipants walkeda path shorter than the TSP programsolution because,

while searching for the eight targets, they passedsomedecoy boxesand fortuitously

left them un-searched. A similar behaviour was also observed in the original VE

study whereparticipants travelled past a decoy but did not search it.

Considering theseperformancemeasures,as predicted, participants completed

the task in the full-FOV condition with near perfect e�ciency . It was hypothe-

sisedthat wearing view restricting goggleswould reduceparticipants performance,

however, even with a restricted FOV the task was trivial to perform.

4.3.2 Behaviour

Inspection of the travelled paths showed that participants usually started their

search by either following the perimeter of the VE or adopting a lawnmower-type

pattern. In most trials, participants found the majorit y of the targets using one of

thesetwo strategies.Any remaining targets werethen searched for using secondary

strategies,examplesof which included spiralling in on the centre of the VE after

completing a search of the perimeter, and the somewhatrandom searchesthat oc-

curred when participants wereunsureof which targets and decoys they had already

visited.

Interest in the present study is centred on participants' initial (primary) search

strategies.For each trial, thesewereanalyzedusing a three-stageprocess:

1. Classifying the strategy as perimeter, lawnmower, or other.

2. Counting the number of passesmadeduring the search.

3. Counting the number of targets found beforeany revisitation.

Searcheswere classi�ed by dividing the VE into four quadrants and noting the

order in which thesewere visited. Perimeter searchesvisited the quadrants in the

order 1-2-3-4-1(clockwise search; seeFigure 4.4 a) or 1-4-3-2-1 (anticlockwise).

Lawnmower searchesinvolved a sequenceof passesthat crossedthe VE's centreline,

progressingalongthe centreline from onesideof the VE to the other. The centreline
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was always perpendicular to the direction of the passes,so in sometrials this was

the dividing line betweenquadrants 1/2, and 3/4 (seeFigure 4.4 b), but in other

trials it divided quadrants 1/4 from quadrants 2/3. All lawnmower searches were

predominately in line with the circulation routes created by the structure of the

cylinders; no lawnmower search was conducted that progresseddiagonally across

the environment. One search in each FOV condition could not be unambiguously

classi�ed as perimeter or lawnmower, and so were termed as 'other'.

Figure 4.4: Two examplesof participants' search paths in the real world experiment,
a) perimeter search, and b) lawnmower search. Both �gures show the plan divided
into quadrants that wereusedfor the classi�cation of search strategies.

The secondstageof the processwasto count the number of times the centreline

wascrossed(the number of 'passes')during the primary phase.A perimeter search

always had two passes,and a lawnmower search usually had three or more. The

�nal stageinvolved counting the number of targets that were found by each search

up until any target or decoy was revisited. The results for the three stagesof the

search strategy analysisare summarizedin Table 4.1.

In the full-FOV condition, participants used a perimeter strategy for most of

their searches,but a lawnmower strategy was dominant in the restricted-FOV con-

dition. In all but one of the perimeter and lawnmower searchesparticipants found

all of the targets during the primary phaseof the search. In the lawnmower searches

participants madean averageof four passesof the environment (up, down, up and

then down again) comparedwith two for the perimeter searches. When using a

lawnmower strategy participants tended to focus on a narrow \strip" of the envi-

ronment during each pass,but with the perimeter strategy participants deviated
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Table 4.1: Number of searches carried out with each strategy, mean number of
targets found, and meannumber of passesperformed.

Group No. searc hes Mean no. of targets found
b efore rep etition

Mean No. of passes

Perim. La wn. Other Perim. La wn. Other Perim. La wn. Other
full-F OV 11.00 3.00 1.00 7.91 8.00 8.00 2.00 3.70 2.00
restricted-
FOV

4.00 10.00 1.00 8.00 7.70 5.00 2.00 4.20 2.00

b oth
groups

15.00 13.00 2.00 7.93 7.77 6.50 2.00 4.10 2.00

from the edgeof the environment to visit the targets and decoys that were nearby.

The distance that participants travelled in excessof the shortest route was lower

for trials performed using a perimeter strategy (M = 7.5%, SD = 15.8) than a

lawnmower strategy (M = 19.2%,SD = 16.0).

4.4 Discussion

Restriction of the participants' FOV had no e�ect on participants' search perfor-

mancein this real world cluttered space,but did a�ect the strategy they adopted.

Two clear types of strategy were chosenby the participants (perimeter and lawn-

mower), with the perimeter strategy beingdominant in the full-FOV condition, and

the lawnmower strategy dominant in the restricted-FOV condition. Oneexplanation

could be that by reducing their FOV to such an extreme (20 x 16 degrees)these

participants were forced to consideronly nearby cylinders and were unable to plan

an e�cien t route through the environment by consideringthe spaceasa whole. The

resulting lawnmower strategy increasedthe number of changesin direction madeby

the participants throughout the trial, comparedto the perimetersearch, but because

the real world o�ers such a rich sourceof proprioceptive and visual orientation cues,

the restricted-FOV group did not becomedisorientated, and so did not visit signif-

icantly more targets and decoys than the full-FOV group. Overall and with both

strategies,participants found the experimental task trivial to conduct, completing

it with near perfect e�ciency .

Two note-worthy comparisonsmay be made with the results of Ruddle and

Jones(2001), who comparedthe performanceof participants who usedeither a 48

or 103degreeFOV in a desktopVE to perform a task similar to the oneusedin the

present real-world experiment. First, restricting a participant's real-world FOV had

negligiblee�ect on the time it took to completethe task, but in a desktopVE this
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restriction increasedthe time by approximately 40%. Second,restricting the real-

world FOV had little e�ect on the number of targets and decoys visited, but in a VE

causeda three-fold increasein the percentage of trials whereparticipants had great

di�cult y completing the task and had to revisit at least half of the environment.

The experiment reported here investigated real world navigation by degrading

real world sensoryinformation (reducing the FOV). The majorit y of the full-view

participants searchedthe environment with a perimeterstrategy in a clockwiseor an-

ticlockwisedirection, while the majorit y of the restricted-FOV participants adopted

a lawnmower strategy. The restriction of participants' FOV did not increasethe

number of targets and decoys that were visited, comparedto the full-view condi-

tion, indicating that participants wereable to maintain their orientation throughout

the task with the limited FOV and the useof vestibular and proprioceptive feedback.

Even though the lawnmower strategy created a longer search path with more

turns of direction, it did not produce a decreasein performance. There were no

improvements in performanceacrosstrials in either condition, indicating that par-

ticipants wereperforming at ceiling level throughout the experiment. In both condi-

tions, usingeither strategy, participants performedthe search task with nearperfect

e�ciency and found the task to be trivial.

All the participants whoadoptedthe lawnmower strategywalkeda route that was

predominately in line with the structure of the cylinders and the walls of the sports

hall: no one walked a lawnmower path that progressedacrossthe cylinder layout

at 45 degreesto the surrounding environment. This suggeststhat the participants

wereusing the frame of referenceof the cylinders and/or the sports hall as a guide

(Mou & McNamara, 2002).
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Chapter 5

Visual Fidelit y and Mo vement

Con trol

5.1 In tro duction

As hypothesized,participants found the search task trivial to perform in a real

world environment (seeChapter 4) whereasthe sametask has been found to be

very di�cult to perform in a VE. The experiment reported in this chapter was

conductedto bridge the gap betweenthe original VE study (Ruddle & Jones,2001)

and the real world environment by investigating the e�ect of di�eren t movement

interfacesand visual scenecharacteristicson participants' search performancein a

desktopVE.

The experiment useda 2 by 2 between participants design. Participants were

randomly allocated to one of four conditions that each usedone of two movement

interfacesand one of two visual scenes.With one movement interface participants

could only travel forwards (the forward-only condition), but the other allowed the

participants to travel any combination of forwards, backwards, left and right (the

4-way movement condition).

One visual scenecondition used a VE with a high resolution \photorealistic"

model of the sports hall (the high-�delity scenecondition). The other used the

cylinder environment without a background (the low-�delity scenecondition) and

wasequivalent to the environments usedin the original VE study. The high-�delit y

scenecondition was visually similar to the real world sports hall and usedtextures

captured by digital camerafrom the 
o or, walls, and ceiling of the sports hall used

in the real world experiment (seeFigure 3.3). All four experimental conditionswere

implemented using desktopVEs.

57



Chapter 5 Visual Fidelity and Movement Control

5.2 Metho d

5.2.1 Participan ts

Twenty participants (9 femalesand 11males)took part in the experiment, and their

agesrangedfrom 18 to 40. Two femaleparticipants failed to �nish the experiment.

One participant failed to complete a single practice trial, even after an extended

tuition period of 50 minutes, and so did not progressthrough to the test trials.

Another participant withdrew due to symptoms of VE sickness. Presented here

are the results of the 20 participants who successfullycompleted the experiment,

including one participant who su�ered from nauseain the last test trail but still

�nished the experiment. All participants were either graduatesor undergraduates

who volunteeredfor the experiment, werepaid an honorariumfor their participation,

and gave informed content.

5.2.2 Materials

The experiment useda modi�ed versionof the software usedin the original Ruddle

and Jones(2001)study, adaptedto re
ect the changesmadeto the decoy and target

boxesin the real world environment.

Participants travelledaround the VE using the keyboard cursorkey(s) for move-

ment acrossthe horizontal plane. Motion was continuous and at a speedof 1 me-

tre/second while the cursor key(s) were depressed,and stopped when released.In

the forward-only condition (view-direction movement) participants could only travel

forward in the direction in which they were looking, achieved by holding down the

`up' cursor key. In the 4-way (independent movement) condition they could move

forward, back, left, and right acrossthe horizontal plane of the VE and could also

travel diagonally by holding down pairs of keys (e.g. forward and left). In both of

thesemovement interfacesthe mousewasusedto control the participant's direction

of view. Looking up and down was achieved using zero order control (i.e. posi-

tion control, the movement of the mousecontrolled the view directly); by moving

the cursor up the screenthe viewing pitch increasedby up to +90 degrees,and

the viewing pitch decreasedby a corresponding amount if the cursor was moved

down the screen.Looking left and right was accomplishedusing �rst order control

(i.e. rate control, the movement of the mousecontrolled the rate at which the view

turned); the rate of turning increasedproportionally with the cursor'sdistanceaway

from the vertical centreline of the screen. The maximum rate of turning was 135
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degrees/second.

Participants could raise and lower the lids of the target and decoy boxes by

pressing the left mouse button. Pressing it once raised the lid, and pressing it

again lowered the lid. If there was a target present inside the box the participant

pressedthe right mousebutton to selectit, the target then turned from red to blue

indicating that it had beenfound, comparableto the depositing of a blue card on

top of a red target in the previousreal world experiment. The lid was then lowered

automatically by the VE software. The softwareprevented participants from moving

away from any box until its lid waslowered. A lid could only be raised,and a target

selected,if the participant waswithin 0.6 metresof the centre of the box (i.e., they

wereadjacent to it) and it was within the participant's FOV.

The VE application was written in C++ and OpenGL Performer and ran on

a SGI Onyx 3400 with a constant frame rate of 60 Hz for all conditions, giving

an overall system latency of approximately 30 ms. The VE was viewed with a

48 x 39 degreegraphical FOV via a CRT colour monitor with a 475mmx 300mm

viewablescreensize;participants' physicalFOV wastherfore 43degrees(horizontal)

x 28 degrees(vertical). The resolution was 1280x 1024pixels and the refreshrate

was 72Hz. All participants viewed the monocular displayed VE from a distanceof

approximately 60cm.

The high-�delit y scenecondition usedimagesof the sports hall surfacesas tex-

tures, thesewere captured using a digital cameraand `stitched' together to create

seven separatetextures: each of the 4 wall textures were1024x 512pixels (1.5 Mb

each in RGB format); the 
o or texture was 2048x 1024pixels (6.1 Mb), and the

ceiling texture was 512 x 128 pixels (0.4 Mb). The seventh texture was used to

replicate the appearanceof the 25 lights, suspendedfrom the sports hall ceiling (0.1

Mb each).

5.2.3 Pro cedure

The experiment followed the procedureoutlined in Chapter 3. Participants were

randomly allocated to one of the four conditions, were run individually, and took

approximately 45 minutes to completethe experiment. Each participant �rst prac-

ticed usingthe interface,performedtwo practice trials, and then completedfour test

trials. Each trial beganat the starting point in the boundary recess(seeFigure 3.2),

and participants were asked to minimize their journey path and to avoid checking

each possibletarget location more than once.
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5.3 Results

Participants' performancein each trial was measuredusing the sametask perfor-

mancemetrics as Experiment 1, but additional behavioural metrics wereused:

1. Task performance

(a) Time taken to �nd the eight targets

(b) The number of revisited target and decoy boxes,and the total number of

visits to target and decoy boxes

(c) Distance travelled

2. Behaviour

(a) Movement key usage

(b) Search strategy

(c) Errors

Statistical analysesof the data followed the same method as the real world

experiment and wereperformedusingmixed designANOVAs that treated the scene

(high- vs. low-�delit y) and movement interface(forward-only vs. 4-way) asbetween

participants factors, and the trial number as a repeatedmeasure.

5.3.1 Task performance

Participants performed the searches signi�cantly quicker with forward-only move-

ment than with 4-way movement (F (1,16) = 5.93,p < .05), and signi�cantly quicker

in the high-�delit y scenethan the low-�delit y scene(F (1,16) = 8.16,p < .05). Par-

ticipants also performed the searches signi�cantly quicker as the trials progressed

(F (3,48) = 2.93, p < .05), with most of the di�erence betweenthe conditions oc-

curring in Trials 1 and 2 (seeFigure 5.1).

Participants revisited fewer targets and decoys with the high-�delit y scenethan

the low-�delit y scene(M (SD) = 1.95 (3.52) vs. 4.4 (5.34); F (1,16) = 6.13, p <

.05). Participants alsorevisited fewer boxesasthe trials progressed(F (3,48) = 2.84,

p < .05).

In terms of statistical di�erences, the pattern of results for the total number of

visits to target and decoy boxes, and the percentage distance travelled above the

minimum were identical to the time data. Participants visited fewer targets and
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Figure 5.1: The mean times for the four VE movement/�delit y conditions. Error
bars indicate the standard error.

decoys with the forward-only interface than the 4-way interface (M (SD) = 18.0

(6.4) vs. 22.6 (12.2); F (1,16) = 6.17, p < .05), fewer with the high-�delit y scene

than the low-�delit y scene(M (SD) = 17.8 (6.6) vs. 22.8 (12.0); F (1,16) = 7.45,

p < .05) and fewer as the trials progressed(F (3,48) = 3.10,p < .05). Participants

traveled shorter distanceswith the forward-only interface than the 4-way interface

(M (SD) = 44.2% (71.7) vs. 84.1% (104.0); F (1,16) = 4.55, p < .05), shorter

distanceswith the high-�delit y scenethan the low-�delit y scene(M (SD) = 41.5%

(60.0) vs. 86.8%(110.1);F (1,16) = 5.87,p < .05) and shorter distancesasthe trials

progressed(F (3,48) = 2.80,p = .05).

5.3.2 Behaviour

Threebehavioural measureswereused.First, the VE softwareautomatically recorded

the amount of time participants held down each of the keysthat wereusedto control

movement. Overall, participants held down a movement key for 12.8%of the trial

time (excluding time when a box lid was raised and participants were prevented

from changing position), and in this there was little di�erence between the four

combinations of sceneand movement interface, or the four trials. However, there

wasa marked di�erence betweenuseof the 4-way movement interfacewith the two
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visual scenes.With the high-�delit y scene,participants used the forward key for

99.7%of the time they spent moving, and the left and right keysfor the remaining

0.3%. In fact, three of the �v e participants in this group never usedthe left or right

key. With the low-�delit y scene,participants usedthe forward key for 71.1%of the

time, the backward key for 12.0%,and the left and right keysfor 16.9%.

Second,participants' primary search strategieswere classi�ed using the same

processas in the real world experiment (in fact, the processwas developed by

simultaneously looking at the data for both experiments). A perimeter strategy

was dominant in the 4-way movement/lo w-�delit y group; the perimeter strategy

was also dominant in the real world full-FOV condition (see Chapter 4). This

is a surprising result becauseone could expect the 4-way movement/high-�delit y

group to be dominated by the same(perimeter) strategy as the real world full-FOV

condition sinceit allowed participants to move easily in many directions and looked

most like the real sports hall. However, lawnmower and perimeter strategieswere

equally prevalent in the other three groups(seeTable5.1). The percentagedistance

above the optimum distancefor the participants who usedthe lawnmower strategy

(M = 40.0%,SD = 61.2) was almost half that of the participants that chosethe

perimeter strategy (M = 78.2%, SD = 107.7). This is in direct contrast to the

�ndings in the real world experiment. Although participants in all four groups

took a similar amount of time to perform the task in Trials 3 and 4, inspection

of the number of targets missedduring the primary search shows that no forward-

only/high-�delit y participant ever missedmore than one target, but at least one

participant in each of the other groupsmissedthree or more targets.

Table 5.1: Number of searches carried out with each strategy, mean number of
targets found, and meannumber of passesperformed.

Group No. searc hes Mean no. of targets found
b efore rep etition

Mean No. of passes

Perim. La wn. Other Perim. La wn. Other Perim. La wn. Other
forw ard-
only/lo w-
�delit y

8.0 9.0 3.0 7.13 7.33 5.67 2.0 3.6 3.3

forw ard-
only/high-
�delit y

9.0 10.0 1.0 7.44 8.00 7.00 2.0 3.9 2.0

4-
way/lo w-
�delit y

15 3.0 2.0 6.60 5.67 3.50 2.0 3.3 3.0

4-
way/high-
�delit y

11.0 8.0 1.0 6.09 7.88 3.00 2.0 4.4 2.0

All groups 43 30 7 6.74 7.53 4.86 2.0 3.9 2.8
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In many of the trials, participants travelled substantially further than they

neededto, revisiting many targets and decoys. Closeinspection of the data showed

that participants typically quickly found the �rst seven targets but then had di�-

culty �nding the eighth. This is borne out by the fact that participants travelledan

averageof 6.1 metres to �nd each of the �rst seven targets but 18.5metres for the

eighth. The causeof thesedi�culties waserrors madeby participants, which forms

the basisof the third behavioural measure.For each trial, we classi�ed the targets

that were found after one or more targets or decoys had beenrevisited into three

groupsby overlaying the path a participant had followed until the �rst revisit onto

a plan view of the environment that had beendivided into sectorsusing Delaunay

triangulation (seeFigure 5.2). A miss was recordedif the participant had previ-

ously touched the cylinder on which the target's box was located. Local neglect

was recordedif the participant had previously travelled through any of the Delau-

nay triangles connectedto the target's cylinder. Global neglectwasrecordedfor all

other errors, indicating that the participant had not beenin the target's immediate

vicinit y. Overall, global neglectwas prevalent in the forward-only/low-�delit y con-

dition, but local and global neglect occurred with roughly equal frequency in the

other conditions (seeFigure 5.3).

5.3.3 Comparison with the real world exp erimen t

A one-way ANOVA was performed to compare the mean number of visits that

participants made to targets and decoys in the test trials of the two experiments.

For the analysis, participants in both conditions of Experiment 1 (full-view and

restricted-FOV) were combined into a single group becausetheir performancehad

beenalmost identical. Overall there was a signi�cant di�erence between the real-

world and VE participants (F (4,25) = 9.15, p < .01). Planned contrasts showed

that the real-world participants madesigni�cantly fewer visits than participants in

the forward-only/low-�delit y, 4-way/lo w-�delit y, and 4-way /high-�delit y VE groups

(p < .05), but not the forward-only/high-�delit y group. Detailed inspection of the

data showedthat, although the real-world and VE forward-only/high-�delit y groups

visited a similar number of targets and decoys (M = 15.3vs. 16.0), the latter only

completed55% of the trials perfectly (i.e. revisiting no targets or decoys) whereas

the full-FOV real-world group were perfect on 93% of trials. With the exception

of one of the imperfect trials, theseVE participants never revisited more than two

targets or decoys. The rangeof performancefound in the four combinations of VE
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a) b)

c)

Figure 5.2: Examplesof the errors madeby participants. The solid line shows the
path up to the point that the �rst target or decoy was revisited, while the dashed
line shows the participant's path for the remainderof the trial. a) Shows a missed
target wherethe participant's path wasde
ected by the cylinder (seeshadedcircle).
b) local neglectand c) global neglectshow the shadedDelaunay triangulation area
which de�ned the regionthrough which the participant had to passon their primary
search if the error was to be de�ned as local neglect.

conditions is shown in Figure 5.4.

5.4 Discussion

The implementation of the movement interface had a signi�cant e�ect on partici-

pants' search performance. Participants who used forward-only movement visited

fewer targets, travelleda shorter distance,and took lesstime than participants who

usedthe 4-way movement interface. Theseresults echo the �ndings of Ruddle and
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Figure 5.3: Mean number of each type of error made in each trial, for each combi-
nation of �delit y and movement interface.

Jones(2001)wherethe simplestmovement interfacewasfound to producethe most

e�ectiv e searches. However, by the third and fourth trial of the present study, par-

ticipants achieved similar resultswith both forms of interface,but this improvement

in performancewasnot due to a changein the type of primary search strategy that

was adopted,as this rarely changedbetweentrials.

The visual characteristicsof the VE werealsosigni�cant in a�ecting participants'

abilit y to search the virtual space.The high-�delit y VE usedlargeand detailed tex-

ture mapsto createa visually faithful facsimileof the sports hall scene.This seems

to havecreateda VE with adequatecuesfor the updating of orientation and heading

acrossthe test trials. It should alsobe noted that participants' familiarit y with the

real world sports hall varied, and wasnot controlled in the experiment. In the con-

dition wherethe most e�ectiv e movement interfacewasusedin conjunction with the

most e�ectiv e visual scene,forward-only/high-�delit y scenecondition, participant's

e�ciency (number of visited boxes) was similar to the real world.

Classi�cation of the errors that participants made provides information about

why participants searched ine�cien tly in many trials. Misseswere rare and, as in
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forward-
only/lo w-
�delit y

a) b)

forward-
only/high-
�delit y

a) b)

4-way/lo w-
�delit y

a) b)

4-way/high-
�delit y

a) b)

Figure 5.4: Besta) and worst b) search performance(revisits) for each VE movement
and scenecombination.

the study by Ruddleand Jones(2001),local and globalneglectoccurredwith similar

frequency. To prevent a miss,participants simply had to turn to facea given target
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and select it. To prevent local neglect, participants had to move a short distance

acrossto the target, whereasprevention of global neglect involved participants in

manoeuvring around the obstaclespresented by other cylinders. Of particular inter-

est is the fact that local neglectwas most commonwith 4-way movement, despite

the fact that this interfacemadeit easiestfor participants to move in any direction.

An unexpected�nding was the di�eren t useof movement keysin the two 4-way

conditions. Participants in the 4-way movement/high-�delit y condition used the

back, left and right sideway keys for only 0.3% of the time spent travelling, while

the participants in the 4-way movement/lo w-�delit y condition used thesekeys for

28.9% of the time. Both groups were shown and encouragedto use the keys in

the sameway, but participants in the high �delit y condition choseto perform the

task by predominantly using the forward key. It is hypothesizedthat the lack of

a dominant frame of referencefor the low-�delit y sceneled participants to rely on

the movement keys to navigate around obstacles,thereby maintaining their global

orientation. Oneparticipant took this to an extremeand adopteda novel movement

method that only usedthe four movement keys for navigation and did not usethe

mouseat all. By contrast, with the high-�delit y scene,participants usedthe mouse

to turn as they travelled forwards and used the scenecontent to maintain their

orientation.
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Visual Fidelit y and FOV

6.1 In tro duction

The experiment reported in this chapter wasconductedto help identify the thresh-

oldsof visual �delit y and FOV that are requiredfor e�cien t VE navigation. Speci�-

cally, the visual sceneswerea photorealistic model of the University of Leedssports

hall (high �delit y) and a model with identical geometry but which was rendered

using a tiled brick texture (medium �delit y). The FOVs were normal for a VE

(48 degrees;displayed on a singlecomputer monitor) and wide (144 degrees;three

monitors arranged in an arc that subtendedthe sameangle). A 2 by 2 between

participants designwas used, with each participant searching the VE while using

onecombination of scene�delit y and FOV.

6.2 Metho d

6.2.1 Participan ts

Forty participants (20 femalesand 20 males)took part in the experiment and their

agesrangedfrom 21to 36. Two femaleparticipants su�ered from simulator sickness,

withdrew, and failed to �nish the experiment. All the participants volunteered for

the experiment and werepaid an honorarium for their participation. Screeningand

monitoring of all participants were performedusing the Short SymptomsChecklist

(SSC)(seeAppendix A), developed by the VIRART group (Cobb et al., 1999) (see

Chapter 8 for sicknessdata), and all gave informed consent.
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6.2.2 Materials

In all conditions participants travelled around the VE using a keyboard and mouse

to interact. Participants useda view-direction interface that was the sameas that

usedby the forward-only conditions in Experiment 2 (seeChapter 5), the geometry

of the sports hall VEs was also the same.

The high-�delit y sceneconditions used the sametextures as the high �delit y

conditions described in Chapter 5. However, although the 
o or texture was the

samesize,2048x 1024pixels and 6.1 Mb (seeFigure 3.5a), the sporting event lines

were absent and so consistedof a repeated basetexture. The medium �delit y VE

usedthe same
o or and ceiling textures but a repeated brick texture that had no

other featuresfor each of the four walls (seeFigure 3.5b). Thus in the high �delit y

VE all four walls of the sports hall wereclearly distinguishablefrom each other (see

Figure 6.1), but in the medium �delit y (brick tiles) VE all four walls looked similar

(Figure 6.2).

Figure 6.1: The four walls of the virtual sports hall (high �delit y scene).

In the normal-FOV condition participants viewed the VE via a monitor with a

475mm x 300mm viewable screensize. The resolution was 1280x 1024pixels and

the GFOV was 48 degrees(horizontal) x 38 degrees(virtical). The physical FOV

was 43 degrees(horizontal) x 28 degrees(vertical). The wide-FOV conditions used

the samemonitor as the normal-FOV conditions but with two additional monitors

of the sametype and sizeplacedon its left and right. Each monitor displayed 1 of

3 viewing frustums at a resolution of 800 x 600 pixels. Taken together, the three

monitors provided a continuous 144 degreeshorizontal GFOV of the VE, with a

physical FOV of aproximately 110degrees(Figure 6.3). The di�erence in the views
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Figure 6.2: Close-upof the brick texture that was repeated (tiled) acrossall four
walls of the medium �delit y VE.

seenby the participants with the two FOVs is shown in Figure 6.4.

6.2.3 Pro cedure

Participants were randomly allocated to one of the four conditions, were run in-

dividually, and took approximately 45 minutes to complete the experiment. Each

participant �rst practiced using the view-direction movement interface, then per-

formed two practice trials, and then completedfour test trials. Each trial beganat

the starting point in the boundary recess(Figure 3.2) and participants were asked

to minimize their journey path and to avoid revisiting possibletarget locations.

6.3 Results

Participants' performancein each trial was measuredusing a similar set of metrics

to the previousstudy (Chapter 5):

1. Task performance

(a) Time taken to �nd the eight targets

(b) How closeparticipants cameto conducting a `perfect search' (i.e. only

checking each target and decoy once)

2. Behaviour

(a) The proportion of time spent performing di�eren t typesof action

(b) Search strategy

(c) Errors
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Figure 6.3: Photograph of the 3-monitor setup (above), and plan (below).

Statistical analysesof the data were performed using mixed design ANOVAs

that treated the visual �delit y (brick tiles vs. sports hall) and FOV (normal-FOV

vs. wide-FOV) as betweenparticipants factors, and the trial number as a repeated

measure.Interactions are only reported if they weresigni�cant.

6.3.1 Task performance

Participants took lesstime to �nd the targets with the sports hall than with the

brick tiled scenebut the di�erence was not signi�cant (F (1, 36) = 2.21, p > .05).

Participants also took lesstime to �nd the targets with the wide FOV than with

the normal FOV, but again the di�erence was not signi�cant, (F (1, 36) = 3.29, p

71



Chapter 6 Visual Fidelity and FOV

Figure 6.4: Views from each frustum for the wide FOV condition, high �delit y
(above), medium�delit y (below). Only the middle frustum wasvisible in the normal
FOV condition.

> .05). However, a signi�cant learning e�ect occurred with participants taking less

time to �nd the targets as the trials progressed(F (1, 108) = 3.70, p < .05), see

Figure 6.5.

Figure 6.5: The meantimes for the four FOV/�delit y conditions. Error barsindicate
the standard error.

There were no signi�cant di�erences for the number of revisited boxesbetween

the normal FOV conditions and the wide FOV conditions (M (SD) = 3.28 (4.60)

vs. 3.11 (4.39); F (1,36) = 0.03, p > .05). Also, no signi�cant di�erences between
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the brick tiled conditions and the sports hall conditions (M (SD) = 3.66(4.77) vs.

2.87(4.22); F (1,36) = 1.07,p > .05).

When performing the task in the real world, participants completed93%of the

trials perfectly, visiting each target and decoy only once(seeChapter 4). However,

in the present VE experiment only 51%of the trials werecompletedperfectly, and it

was noticeablethat participants often only found six or seven of the targets before

checking againat leastonetarget or decoy that had alreadybeenvisited. A repeated

measuresANOVA of the number of targets found beforeany revisitation showed a

signi�cant interaction betweenFOV and scene�delit y (F (1, 36) = 5.24, p < .05),

with participants �nding most targets with the wide-FOV/sp orts hall and leastwith

the wide-FOV/bric k tiles (M = 7.2 vs. 6.0).

Figure 6.6: Sum of the minimum distanceaway from all unselectedtargets before
the �rst revisitation occurred in a trial for the four FOV/�delit y conditions. Error
bars indicate the standard error.

The number of targets found beforeany revisitation is a crude measureof how

closea participant came to completing a trial perfectly, so a more sophisticated

metric wasdeveloped that incorporated the proximit y of a given participant to each

target up until the �rst revisitation. Targets that had been found by this point

scoredzero,and the scorefor each remaining target was the closestdistance(x) to

the target so far (Figure 6.8). A repeated measuresANOVA showed a signi�cant
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interaction betweenFOV and scene�delit y for the perfectsearch (F (1, 36) = 4.40,p

< .05). Participants in the wide-FOV/sp orts hall condition cameclosestto a perfect

search, whereasthe wide-FOV/bric k tiles group were the furthest away. This was

a surprising result sinceone could expect the normal-FOV/bric k tiles group to be

further away from conductinga perfect search than the wide-FOV/bric k tiles group,

sincethey had a more restricted view of the VE, however, this wasnot the case,see

Figure 6.6.

6.3.2 Behaviour

The �rst behavioural measurewasthe amount of time participants spent performing

di�eren t typesof action.

Figure 6.7: Proportion of time spent on various actions during a trial.

For each trial data werecalculatedfor the percentage of time participants spent

(i) planning where to go at the start of a trial, (ii) travelling around the VE, (iii)
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stationary betweentargetsand decoys, and (iv) checking the target and decoy boxes.

Thesedata werethen analyzedusingrepeatedmeasuresANOVA's. Participants who

useda wide FOV spent signi�cantly lessof their time planning (F (1, 36) = 8.10,

p < .05), and stationary (F (1, 36) = 4.47, p < .05), than participants who useda

normal FOV. It follows that participants who useda wide FOV spent signi�cantly

more of their time checking boxes(F (1, 36) = 8.71,p < .05), and travelling around

than participants who useda normal FOV (F (1, 36) = 5.88,p < .05). (Figure 6.7).

The secondbehavioural measurewas participants' overall search strategy. As

in previous experiments the paths participants followed were classi�ed by dividing

the VE into four quadrants and noting the order in which thesewere visited (see

Chapter 4, Figure 4.4).

a) b)

c)

Figure 6.8: Examples of the three types of error a) miss, b) local neglect, and
c) global neglect. `x' shows the distance used in the `perfect search' performance
measure(x = 0 for a miss).
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Two searchesin the wide-FOV/bric k tiled condition could not beunambiguously

classi�ed asperimeter or lawnmower, and soweretermed as`other'. Approximately

half of the participants in every group completedthe task by using the perimeter

strategy, while the other half used the lawnmower strategy. These are the same

strategiesas were used by participants who performed the sametask in previous

experiments.

To explain the di�culties that participants encountered, targets that werefound

after oneor moretargetsor decoys had beenrevisitedwereclassi�ed into oneof three

categories,miss (Figure 6.8a), local (Figure 6.8b) or global neglect (Figure 6.8c),

depending on a participant's travelled path and its relationship to the neglected

target (seeChapter 5 for a detailed description).

There was one miss in each of the normal FOV conditions, six in the wide-

FOV/bric k tiles, and four in the wide-FOV/sp orts hall. The ratio of local:global

neglectwas similar in all four conditions but, in total, in the wide-FOV/sp orts hall

condition, participants made approximately half the number of errors than partic-

ipants in both the normal-FOV/sp orts hall and wide-FOV/bric k tiles conditions,

and a third lessthan the normal-FOV/bric k tiles condition (Figure 6.9). Overall,

5% of the targets were missed,27% were locally neglected,and 68% were globally

neglected.

Figure 6.9: Type and meannumber of errors for the four experimental conditions.
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Further analysisof the path and direction of view of participants during trials

revealedthat, out of the 31 locally neglectedtargets in the normal FOV conditions,

none actually came within the participants' FOV when they were in the targets

immediate vicinit y. This gives an explanation as to why so many targets fell into

this category of error. It wasn't that participants neglectedthese targets, they

simply didn't seethem (seeFigure 6.10). However, out of the 32 locally neglected

targets in the wide FOV conditions, 17 were within the participants FOV, and all

appearedin either the left or the right screen.Despitebeingvisible and within close

proximit y to the participants, the targets remainedunsearched.

Figure 6.10: Plan view showing a participant's path as they travelled near to a
target. Despitethe proximit y of the participant to the target it did not comewithin
the participants FOV and so remainedunsearched.

6.4 Discussion

This study investigatedthe e�ect of visual scene�delit y and FOV on participants'

navigational abilit y in terms of task performanceand behavioural metrics. With

the combination of a wide FOV and a high �delit y (sports hall) sceneparticipants

weresigni�cantly closerto conducting \p erfect searches" which is what is known to

happen on the vast majorit y of occasionswhenpeopleperform the sametask in the

real world.

Results from the behavioural metrics show signi�cant di�erences occurred be-

tweenthe two FOVs. With a wide FOV participants spent proportionally lesstime
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standing in oneplaceat the beginningof a trial and betweentarget and decoys, than

participants with a normal FOV. With a normal FOV, participants often stood in

one place to look around and plan which box to search next, but a wide FOV al-

lowed participants to assimilate the scenemore easily simply becausemore of the

VE wasvisible at any onetime. It is reasonableto suggestthat if moreof the scene

is outside the FOV then it is more demandingto keeptrack of the locations of the

possibletargets and this then requiresmore looking around.

It shouldalsobenoted that looking aroundwhile travelling with a view-direction

movement metaphorcausesparticipants to veero� course.This metaphor is the one

that is most commonly implemented in VEs, and was the one usedin the present

study. By contrast, observations from the real-world study in which participants

walked around a physical version of the environment (seeChapter 4) showed that

participants rarely stopped between targets and occasionallydid not even stop to

check boxes.

Participants searched the VE using two strategies, perimeter, or lawnmower.

Approximately half of the participants in every group completedthe task by using

the perimeter strategy, while the other half used the lawnmower. The change in

FOV did not changethe frequencyof one strategy over the other, unlike the real-

world study reported in Chapter 4 where the majorit y of participants who had a

normal view of the environment searched the spacewith a perimeter strategy, while

with a restricted FOV (20 degrees)the lawnmower strategy dominated.

The errors that prevented participants from conducting perfect searches were

classi�ed into three types,miss, local and global neglect. Participants in the wide-

FOV/sp orts hall condition had far fewer instancesof local and global neglect than

the other three conditions.

Errors occurredfor three main reasons.First, both local and globalneglectcould

occur when participants only searched someof the targets and decoys that existed

in a tight cluster, whereasin the real-world participants tended to exhaustively

search clusterswhen they wereencountered. Second,entire clustersof targets were

sometimesglobally neglectedin all the VE conditions, indicating that even with a

wide FOV and a high �delit y scene,participants often had di�cult y remembering

where they had travelled. Lastly, in the two normal FOV conditions all of the

locally neglectedtargets wereoutside the participant's FOV when they werewithin

the targets immediate vicinit y. Therefore it is unlikely that participants were even

aware of the targets locationsdespitebeing in closeproximit y to them. In the wide

FOV condition 53% of the locally neglectedtargets were within the participants
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FOV, and yet they werestill not searched. Why were thesetargets neglected?It is

possiblethat they wereeither not noticed or participants believed they had already

beensearched. If the former is true then it may have beencausedby a di�cult y

participants had attending to the large physical areaof the three-screendisplay. If

the latter is true then oneexplanation might be that the participants whereunable

to assimilate the spatial information presented by the three separatescreensinto

one useablerepresentation of the sports hall. Even though more information was

available they could not keep the positions of the targets updated with their own

position and orientation as they travelled around the VE.

A surprising result was that participants in the normal-FOV/bric k tiles condi-

tion camecloserto conducting a perfect search, and madefewer errors, than those

in the wide-FOV/bric k tiles condition. The wider FOV seemsto have hinderedpar-

ticipants' abilit y to search the VE e�cien tly, although the reasonfor this remains

unknown and requiresfurther investigation.

In conclusion,the present study shows that a shift towards real-world naviga-

tional performanceoccurswhena wide FOV is combined with a photorealisticscene.

However, even with this combination of factors, performanceremainssubstantially

below that which occursin the real world. In turn, this implicates the likely impor-

tance of more 
exible forms of movement for e�cien t VE navigation.
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Chapter 7

Visual Fidelit y and Physical

Mo vement

7.1 In tro duction

The experiments reported in this chapter investigatedthe e�ects of di�eren t move-

ment interfacesand scene�delit y on participants' search performance.Sincephys-

ical movement has been shown to improve spatial tasks (see Chapter 1) it was

hypothesisedthat the more natural the interface, i.e. the more similar it is to nat-

ural walking, the better participants' performance. Therefore, physically walking

around a VE while viewing that VE via a HMD (a \ro ving" HMD; physical trans-

lational and rotational movement) would producebetter search performanceresults

than a condition that required participants to remain stationary but allowed them

to turn around to view the VE via the HMD (a \tethered" HMD; physical rotational

movement but abstract translational movement). Also, the tethered HMD condi-

tion would producebetter performanceresults than an interfacewhereparticipants

remain physically stationary (a desktopmonitor condition; abstract rotational and

translational movement). In the main experiment three conditions useda high vi-

sual �delit y VE, while in a supplementary experiment a roving HMD and a desktop

condition useda low �delit y visual scene.The supplementary experiment was per-

formed to investigate whether di�erences found in the main experiment persisted

when visual scene�delit y was degraded.
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7.2 Exp erimen t

Participants were randomly allocated to one of the three high-�delit y visual scene

conditions: desktop, tethered HMD, or roving HMD, or one of the two low �delit y

sceneconditions: desktop, or roving HMD. Participants in the desktop conditions

searched the virtual spacewhile seatedin a chair and navigated with a keyboard

and mouse. In the tethered HMD condition participants physically stood in one

place and turned around to view the VE and travelled with the useof a handheld

3D mouse. Participants in the roving HMD conditions physically walked through

real spacewhile a tracking systemupdated their position and orientation in the VE,

(Usoh, Arth ur, Whitton, Bastos,Steed,Slater & Brooks, 1999).

In the high visual �delit y HMD conditions participants conducted the search

task while present in the real world VR laboratory spacethat the VE depicted, the

participants in the high visual �delit y desktop condition navigated the sameVE

but in a di�eren t real world space. The low visual �delit y roving HMD condition

wasconductedin the sameVR laboratory but participants navigated around a low

visual �delit y VE. Participants in the low visual �delit y desktopcondition navigated

the samelow visual �delit y VE but in the samereal world spaceas the high visual

�delit y desktopcondition.

7.3 Metho d

7.3.1 Participan ts

Fift y participants (24 malesand 26 females)took part in the experiment, and their

agesranged from 18 to 32 (M = 22.9, SD 3.7). All participants were either grad-

uates, undergraduates,or sta� of the University of Leedswho volunteered for the

experiment and werepaid an honorarium for their participation and gave informed

consent. Participants werescreenedbeforethe experiment and monitored through-

out all trials for signsof simulator sickness,six participants in the HMD conditions

su�ered mild symptoms(seeChapter 8).

7.3.2 Materials

This experiment used the samesoftware as the previous experiments, but the di-

mensionsof the boxesand the spacingand diameterof the cylinderswerereducedto

�t within the physical VR laboratory space.The position of the high visual �delit y
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VE (seeFigure 3.7aand b) matchedthe position of the real laboratory. The desktop

conditions usedthe samemovement controls as reported for the forward-only con-

dition (view-direction movement) in Chapter 5. The HMD (a Virtual Research V8;

seeFigure 1.9) and tracking system(a WorldViz PPT and IntersenseInertiacube2)

usedfor the tethered and roving HMD conditionsaredescribed in Chapter 1. Noth-

ing in the roving HMD condition prevented participants from walking though the

VE cylinders,soto make movement comparablein all �v e conditionscollision detec-

tion was not performedwith the cylinders in the desktop and tethered conditions.

However, in the desktop and tethered conditions collision detection was used to

prevent participants from moving outside the environment as a whole, just as the

physical walls of the laboratory prevented this movement from occurring with the

roving HMD. In both the desktop and tethered HMD conditions participants were

prevented from moving away from a box until its lid was lowered, and in the rov-

ing HMD conditions participants were prevented from raising a lid until all were

in the lowered position. In all conditions, a lid could only be raised, and a target

selected,if the box wason the nearestcylinder to the participant and it waswithin

the participant's FOV.

7.3.3 Pro cedure

Participants wererun individually, and took approximately onehour to completethe

experiment proceduresin the desktopconditions, and two hours in the HMD condi-

tions. The proceduresfor the conditions are outlined in table 3.1. All participants

�rst practiced using the interface on the desktop until they could 
uen tly use the

controls. The controls were identical to the forward-only conditions (view-direction

movement interface), seechapter 5. Participants then performedtwo practice trials

in the virtual laboratory that allowed him or her to becomefamiliar with the search

task. Participants in the desktopconditionsthen completedtwo morepractice trials

and then completedfour test trials. Participants in the three HMD conditions were

taken into the real laboratory wherethey wereshown the HMD and given a demon-

stration of the controls. Participants held a 3D mouse(seeFigure 1.5), pressed

one button to raise and lower a lid, and another to choosea target - the lid then

loweredautomatically. In the tethered HMD condition a third button was usedfor

forward movement, participants could only travel forward in the direction in which

they werelooking. Oncecomfortablewith the HMD the participants then practiced

the controls, performeda further two practice trials, and then completedfour test
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trails, using the tethered HMD or walking interface according to the condition to

which a participant had beenallocated.

Sicknessdata wererecordedusinga paper versionof the Short SymptomsCheck-

list (SSC)(Cobb et al., 1999),seeChapter 8 and Appendix A for details. After each

trial in the HMD conditions participants were asked to remove the HMD and sit

down for a minimum of three minutes as a precaution against VE sickness.Before

the next trial beganparticipants were asked if they could feel any e�ects such as

nauseaor dizzinessetc, the experiment continued only if they reported that they

could not feel any symptoms. At the end of the four test trials participants were

asked to remain in the department for onehour asa precautionary measureagainst

the delayed onset of symptoms. During this hour participants indicated on the

SSCthe severity of any symptoms at 15 minute intervals, until the one hour had

elapsed.Participants wereasked to remain in the department if they su�ered from

any symptoms,until all symptomshad disappeared. Two participants in the teth-

eredHMD condition and four in the roving HMD condition reported su�ering from

minor symptoms(seeChapter 8).

7.4 Results

Participants' performancein each trial was measuredusing a similar set of metrics

as the previousexperiments.

1. Task performance

(a) Time taken to �nd the eight targets

(b) Total number of revisited boxes

(c) How closeparticipants cameto conducting a `perfect search' (i.e. only

checking each target and decoy once)

2. Behaviour

(a) Search strategy

(b) Errors

Statistical analysesof the data followeda similar method aspreviousexperiments

and usedmixed designANOVAs that treated the movement interface(main exper-

iment: desktop vs. tethered HMD vs. roving HMD; supplementary experiment:

desktopvs. roving HMD) as betweenparticipants factors, and the trial number as

a repeatedmeasure.Interactions are only reported if they weresigni�cant.
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7.4.1 Main Exp erimen t - Performance

There were no signi�cant di�erences in the time participants took to completethe

trials betweenthe three movement interfaces(F (2,27) = 0.90, p > .05), or as the

test trials progressed(F (3,81) = 1.18,p > .05). It is noteworthy that participants'

speedin the desktopand tethered conditions wasa constant 0.5 metresper second,

while participants could move as fast, or as sow, as they liked in the roving HMD

condition.

Figure 7.1: The meannumber of revisited target and decoy boxesduring test trials.
Error bars indicate the standard error.

There were highly signi�cant di�erences in the number of revisited target and

decoy boxes during test trials (F (2,27) = 6.60, p < .005), but not between test

trials (F (3,81) = 0.47, p > .05). Bonferroni-correctedpost-hoc multiple compar-

isonsshowed that participants revisited signi�cantly fewer target and decoy boxes

in the roving HMD condition than the tethered and desktop conditions (p < .05).

The di�erence betweenthe tethered and desktopconditions wasnot signi�cant (see

Figure 7.1).

There were also highly signi�cant di�erences between the number of targets

found beforea target or decoy box was revisited during test trials (F (2,27) = 7.09,

p < .005), but not between test trials (F (3,81) = 1.74, p > .05). Bonferroni-

correctedpost-hoc multiple comparisonsshowedthat participants found signi�cantly
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more targets before revisiting a target or decoy box in the roving HMD condition

than the tethered (p < .005), and desktop (p < .05) conditions. The di�erence

between the tethered and desktop conditions was not signi�cant (seeFigure 7.2).

The percentage of trials completedperfectly for the roving HMD, tethered HMD,

and desktopconditions were90%,45%,and 42.5%respectively.

Figure 7.2: The mean number of targets found before a target or decoy box was
revisited. Error bars indicate the standard error.

7.4.2 Main Exp erimen t - Behaviour

There were more than twice the number of perimeter searchesthan lawnmower in

the desktopcondition (29 vs. 11), a similar result in the tethered condition (28 vs.

12), while a perimeter search dominated in the roving HMD condition (38 vs. 2).

As in previous experiments errors that prevented participants from conducting a

perfect search were classi�ed into miss, local and global neglect. The number and

typeof errorsin the three interfaceconditionsareshown in Figure 7.3. In thosetrials

wherea participant was in the immediate vicinit y of a neglectedtarget (i.e. missed

and locally neglectedtargets) a visual inspection of participants' travelled path was

conductedto establishwhether or not it had appearedinside the participants FOV

(seeTable 7.1).
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Figure 7.3: The meannumber and type of neglectedtargets in the three movement
interfaceconditions.

Table 7.1: Missedand locally neglectedtargets in or outside a participant's FOV.

miss local
inside
FOV

outside
FOV

inside
FOV

outside
FOV

Main Expt.

Roving HMD/high-�delit y 0 0 0 0
TetheredHMD/high-�delit y 0 0 2 2
Desktop/high-�delit y 2 0 14 3

Supp. Expt.
Roving HMD/lo w-�delit y 0 0 1 0
Desktop/low-�delit y 2 0 10 7

7.4.3 Supplemen tary Exp erimen t - Performance

There were no signi�cant di�erences in the time participants took to completethe

trials betweenthe desktopand roving interfaces(M (SD) = 112.1(72.47)vs. 83.57
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(20.84); F (1,18) = 1.68, p > .05), or as the test trials progressed(F (3,54) = 1.78,

p > .05).

There were highly signi�cant di�erences in the number of revisited target and

decoy boxes during test trials (F (1,18) = 14.32, p < .005) but not between test

trials (F (3,54) = 0.76,p > .05) (seeFigure 7.1).

Therewerealsosigni�cant di�erencesbetweenthe number of targetsfoundbefore

a target or decoy box wasrevisited during test trials (F (1,18) = 5.82,p < .05), but

not betweentest trials (F (3,54) = 1.46,p > .05), (seeFigure 7.2). The percentage

of trials completedperfectly for the roving HMD and desktopconditions were 90%

and 45%,respectively.

7.4.4 Supplemen tary Exp erimen t - Behaviour

In the desktop condition there were more than twice the number of perimeter

searchesthan lawnmower (26 vs. 12), with two that were classi�ed as other, while

the number of perimeterand lawnmower searchesin the roving HMD condition were

similar (23 vs. 17). As before,the errors that prevented participants from conduct-

ing perfect searcheswereclassi�ed into miss, local and global neglect. The number

and type of neglectedtarget in the two interface conditions are shown in Figure

7.3. A visual inspection wasusedto establishwhether or not a target had appeared

inside the participant's FOV (seeTable 7.1).

7.5 Discussion

The main experiment useda high �delit y visual sceneand showed the method of

movement had a dramatic, and highly signi�cant, e�ect on participants' perfor-

mance. Participants that physically walked around the VE performed the task as

e�cien tly as participants who took part in the real word experiment described in

Chapter 4. Participants who walked revisited fewer boxes,and found more targets

before revisiting boxes, than participants in both the tethered and desktop condi-

tions. Surprisingly, there were no signi�cant di�erences between the tethered and

desktopconditions. Research investigating simple tasks such as direction estimates

(Presson& Montello, 1994;Rieser, 1989) and anglesturned (Bakker et al. 1999)

suggestthat there are bene�ts from physical rotation (tethered HMD) over visual

turning (desktop)while physically stationary. However, in the present study, for this

somewhatmorecomplexspatial task, the tethered HMD interfacegave participants
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no performancebene�ts over the stationary desktopdisplay.

The percentage of trials conducted perfectly also reveals the fundamental dif-

ferencein performancebetween the walking and the two other conditions. With

the roving HMD 90% of trials were conducted perfectly, without researching any

boxes,while in the tethered and desktopconditions only 45%,and 42.5%of trials,

respectively, were conductedperfectly. Classi�cation of the search strategiesused

by participants in the three high �delit y conditions revealed that in the desktop

and tethered conditionsparticipants useda perimeter strategy in only a third of the

trials, whereasin the roving HMD condition a perimeter search strategy wasusedin

all but two of the trials. However, the strategy chosendid not causethe di�erence

betweenthe number of searchesthat wereperfect.

The supplementary experiment contained two movement conditions,walking and

desktop,and both useda low �delit y visual scene.A reduction in the �delit y of the

visual scenehad little impact when participants walked, extending the �ndings of

studies of path integration to a more complex setting (Kearns et al., 2002). How-

ever, with the desktop display a reduction in visual �delit y did lead to a reduced

performance,in line with �ndings reported earlier in this thesis.

In conclusion,participants that physically navigated around the spacewith a

space-consistent display, the roving HMD condition, dramatically out-performed

thosethat navigated while stationary using a space-constant display devicei.e. the

desktopmonitor. The highly signi�cant performancedi�erencesbetweenthe walking

and the two other interfacessuggeststhat full proprioceptive information combined

with vestibular feedback dramatically improvessearch task performancein a small-

scalecluttered environment.
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VE Sickness Data

8.1 In tro duction

Presented here are the data of participants self reported symptomsof VE sickness

for the three VE studies. Taken as a whole, 90 participants took part in desktop

VE experiments, �v e (5.6%) su�ered from someform of VE sickness,three of whom

withdrew. Out of the 30 participants that took part in the immersive HMD experi-

ments six (20%) su�ered from symptomsof VE sickness,the symptomswereminor,

quickly disappeared,and no onewithdrew.

8.2 Visual Fidelit y and Mo vement Con trol

It wasnot expectedthat participants would su�er from VE sicknesswhile navigating

via the desktop display thereforeparticipants were not screenedor monitored, VE

sicknessdetails were therefore not recorded, however two participants did su�er

symptoms. One participant complained of dizzinessand nauseaduring the early

stagesof the four test trials and the experiment was immediately stopped. One

other participant reported mild nauseaafter the fourth test trial, reported that it

had not beensevereenoughto in
uence their performance,and wasableto �nish the

experiment. It shouldbe noted that participants navigated the VE whilst viewing a

largemonitor with a viewablescreensizeof 475x 300mm (approximately 23 inches

measureddiagonally), and this could have contributed to the unexpected casesof

VE Sickness.
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8.3 Visual Fidelit y and FOV

Due to the two participants who reported symptoms of VE sicknessin the above

experiment, screeningand monitoring of participants in all subsequent experiments

were performed using the Short Symptoms Checklist (SSC) developed by the VI-

RART group (Cobb et al., 1999)(seeAppendix A).

Participants were asked to initial a statement to con�rm that they did not cur-

rently su�ered from any of the following: hay fever, migraines, heart conditions,

infectious skin complaints, asthma, back pain, any head injury, and liver disease.

Also, if they had ever su�ered from the following: neck or major head injury, dia-

betes,epilepsy, any middle eardiseases,or meningitis. Participants werenot allowed

to continue if they answered yesto any of thesequestionsdue to the perceived in-

creaserisk of VE sickness.

Participants were warned that they might su�er from the following: headache,

blurred vision, dizziness(eyesopenand closed),eyestrain,and sickness,and askedto

report any symptom to the experimenter. They werealso informed that they could

withdraw from the experiment at any time, and they did not have to give a reason

for doing so; participants therefore gave informed consent. After the experiment

participants wereasked to indicate on a scaleof 1 (not at all) to 5 (severely), at 15

minute intervals, whether they felt any symptoms.

In the brick tiled/normal FOV condition, two participants su�ered a range of

symptomsand did not �nish the four test trials. One participant reported a slight

headache and blurred vision after the secondtest trial, both symptomswerejudged

to be a maximum of 2 on the severity scale,and had disappearedat the �rst 15

minute interval. The other participant reported a headacheand eyestrain, both were

judged to be a maximum of 4 on the severity scale;dizziness(eyesopen and closed)

and nausea,judged to be a maximum of 3 on the severity scale. All symptoms,

however, werereported to have disappearedafter 20 minutes. Oneother participant

reported a slight headache and nauseaafter the fourth test trial, both were judged

to reach a maximum of 2 on the severity scale,and disappearedafter 15 minutes.

In the other three conditions, no participant reported any symptomsof VE sickness

or discomfort.
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8.4 Visual Fidelit y and Physical Mo vement

In both the desktopconditions(high and low visual �delit y), and the tetheredHMD

condition, no participant reported any symptoms of VE sickness. All participants

�nished the experiment and no onewithdrew.

In the roving HMD/high visual �delit y scenecondition oneparticipant reported

su�ering from eyestrain, dizziness(eyesopen and closed),and nausea,all reaching a

maximum of 2 on the severity scale.The participant reported that after 60 minutes

all symptoms had fallen to below 2, but more than 1, on the severity scale. One

other participant su�ered from blurred vision, maximum 2 on the severity scale,but

symptoms disappearedafter 15 minutes. Both participants completed the experi-

ment and no other participant reported any symptomsof VE sickness.

In the roving HMD/lo w �delit y visual scenecondition four participants reported

a rangeof symptoms: onereported slight eyestrain, another reported dizziness(eyes

closed),the third blurred vision and nausea,while the fourth reported blurred vision.

All four participants �nished the experiment and reported that the symptomshad

disappearedat the 15minute interval. The remainingsix participants did not report

any symptomsof VE sickness.

8.5 Discussion

The VE sicknessdata from the present VE experiments seemsto becontrary to other

studies that have reported on VE sickness. In the desktop conditions a relatively

high proportion of participants (5.6%)su�ered from VE sicknesssymptoms,in three

casesso severe that the experiment was stopped. This was a surprising result, few

studieshave reported VE sicknessfrom navigating a desktopVEs and desktopVEs

are not generallyassociated with high instancesof VE sickness.

In the HMD conditions, 20% su�ered from minor symptoms of VE sickness,

however, no one withdrew and the symptoms quickly disappeared. Other studies

have reported dissimilar results: Ruddle and Jones(2001) reported that out of 24

participants that useda HMD for a similar search task to the oneusedthroughout

this thesis, �v e withdrew due to VE sickness(20.8%). Also, Ruddle (2004) collated

VE sicknessdata from 10 HMD experiments, two of which were from the original

study of Ruddle and Jones(2001). Out of 134 participants 9% withdrew due to

VE sicknessand two werephysically sick. And �nally , in another study by Cobb et

al. (1999), VE sicknesssymptoms from nine experiments were analysed,including
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148participants, and showed that 5%of participants su�ered serioussymptomsand

withdrew.
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General Discussion

All four experiments reported in this thesis were conducted to investigate partic-

ipants' navigational performanceand behaviour using the samesearch task. The

�rst was performed in the real world in the University of Leedssports hall and in-

vestigated the e�ects of degradingreal world sensoryinformation by reducing the

participants FOV. The secondand third wereperformedin a VE that was visually

similar to real world sports hall, and investigatede�ects of visual �delit y, movement

interface,and FOV. Finally, the fourth experiment wasperformedin a VE that was

visually similar to the University of Leedsvirtual reality laboratory and investigated

e�ects of visual �delit y and movement interface. Taken as a whole the experiments

investigatednavigation from two complementary directions,by degradingreal world

sensoryinformation (reducing the FOV) and increasingVE �delit y in terms of the

visual scene,FOV, and the mechanism usedfor movement.

In the real world experiment (Chapter 4) the majorit y of the full-view partic-

ipants searched the environment with a perimeter strategy in a clockwise or anti-

clockwise direction, while the majorit y of the restricted-FOV participants adopted

a lawnmower strategy. The restriction of participants' FOV did not increasethe

number of targets and decoys that were visited, comparedto the full-view condi-

tion, indicating that participants wereable to maintain their orientation throughout

the task. What the reduction in the normal FOV took away was made up for by

the increasedreliance on other feedback sources(e.g., vestibular and propriocep-

tiv e), and by the use of a compensatory strategy. Even though the lawnmower

strategy created a longer search path with more changesof direction, it did not

decreaseperformancein terms of time taken or target/decoys checked. There were

no improvements in performanceacrosstrials in either condition, indicating that

participants were performing at ceiling level throughout the experiment. In both
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conditions, using either strategy, participants performed the search task with near

perfect e�ciency and found the task to be trivial.

The secondexperiment (Chapter 5) was conductedin a VE and contained four

conditions that were usedto investigate the e�ects of two �delities of visual scene

characteristic and two implementations of movement interface. Participants per-

formed quickest and visited fewest targets with forward-only movement and a high-

�delit y scene,and in this condition participants meanperformanceapproacheda real

world level. That said, only half of participants' searcheswereconductedperfectly,

contrasting with more than 90%in the real world. As in the real world experiment,

the con�gurations of the travelled path fell into two main categories,perimeter and

lawnmower. However, unlike the real world experiment, participants who usedthe

perimeter strategy travelledsubstantially further than thosewho useda lawnmower

strategy (a reversal of the results obtained in the previous experiment). One ex-

planation for this is that the lawnmower strategy involves a systematic search of

the environment with participants' path only in
uenced to a small degreeby the

actual positions of the target and decoy boxes. By methodically passingthrough

the entire environment, participants found most of the targets during the primary

search. By contrast, a perimeter strategy is an object location-dependant strategy

that attempts to createa path joining all of the boxestogether in a continuousloop.

Participants usingthe perimeter strategy often misseda target during their primary

search, making another search inevitable and increasingthe distancetravelled. As

noted above, most participants who performed the task with a restricted FOV in

the real world adopted the safer, lawnmower strategy.

The third experiment (Chapter 6) further investigatedthe e�ects of visual scene

�delit y on navigation but in combination with either a normal FOV or a wide FOV.

Additional metrics, such as the \p erfect search" metric, were developed to further

analyseparticipants' performanceand behaviour. Participants came signi�cantly

closer to conducting a perfect search with the combination of a wide FOV and a

high �delit y (sports hall) scene.Participants with a wide FOV spent proportionally

lesstime at the beginningof a trial and stationary during a trial, and proportionally

more time travelling and checking boxes, than participants with a normal FOV. It

is suggestedthat participants with a normal FOV neededto spend proportionally

more time stationary looking around, than those with the wide FOV, in order to

assimilate the scenebecauselessof the VE was visible at any one time. In this

study all participants useda view-direction interface,participants thereforetended

to stop to plan aheadbecauselooking around while travelling causesparticipants to
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veero� course.Unlike previousexperiments, wherein someconditions onestrategy

dominated over the other, approximately half of the participants in every group

consistently used either a lawnmower or perimeter strategy. Classi�cation of the

errors that prevented participants from conducting perfect searches showed that,

in the wide FOV/sp orts hall condition, there were far fewer instancesof local and

global neglectthan in the other three conditions.

The fourth and �nal experiment (Chapter 7) investigated visual �delit y and

movement interfacein a main and supplementary experiment. The three conditions

of the main experiment, roving HMD, tethered HMD, and desktop,all useda high

�delit y visual scene.Participants that physically walkedaroundthe VE searchedthe

spaceas e�cien tly as participants that performedthe samesearch task in the real

world (Chapter 4). Surprisingly, rotational vestibular and proprioceptive feedback,

provided by the tethered HMD interface, produced no more performancebene�ts

over those that usedthe stationary desktop display. In the roving HMD condition

a perimeter search strategy dominated,echoing the behaviour of participants in the

full-view real world experiment, whereasin the desktopand tethered conditions two

thirds of trials wereconductedusing the saferlawnmower strategy.

The two conditions of the supplementary experiment, roving HMD and desktop,

both useda low-�delit y VE. When participants walked around the VE the reduc-

tion in visual �delit y had little impact on participants' performanceor behaviour,

whereasthe low �delit y scenedid reduceperformancefor the desktopcondition. A

summaryof the �ndings is shown in Figure 9.1that clearly highlights the substantial

di�erence in performancebetween real world and roving HMD conditions and all

the other conditions.

Research into human navigation has led to the identi�cation of several methods

humans employ in �nding their way around the environment. Tolman (1948) �rst

usedthe term `cognitive map' to describe the enduringand allocentric mental repre-

sentation that navigators useas a referencefor movement. More recently, however,

researchers have argued that human navigation relies on representations of envi-

ronments that are dynamic and egocentric. Wang and Spelke (2002) suggestthat

humans,likeother animals,useand integrate three separatemethods for navigation:

1. Dynamically updated path integration.

2. Viewpoint-dependent placerecognition.

3. A congruence-�ndingreorientation systembasedon the geometryof the envi-

ronment.
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Figure 9.1: Mean number of revisits during a trial for selectedconditions within
each experiment. Error bars indicate the standard error.

Path integration is the processof usinginternal information generatedfrom body

movement (vestibular and proprioception) and/or external information from optic


o w for navigation. Distance and direction information is integrated from veloc-

it y and accelerationinformation into a dynamic egocentric mental representation of

the travelled path (Riecke, van Veen& B•ultho�, 2002). Viewpoint-dependent place
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recognition relies on recognisingviews by the identi�cation of landmarks: perhaps

the most important way�nding cue. There is growing evidencethat even after expe-

riencingmultiple perspectives,participants maintain viewpoint-dependent memories

(egocentric mental representations) of signi�cant places(Diwadkar & McNamara,

1997). Finally, a congruence-�ndingsystemis usedto reorient, when path integra-

tion is disrupted, by analysingthe geometry, but not other propertiessuch ascolour,

of the surrounding environment (Hermer & Spelke, 1996).

Research into human navigation hasoften testedparticipants during simplesub-

tasksof navigation in an attempt to �nd out innate human abilities and underlying

cognitive processes.Such experiments typically investigate the accuracyof partic-

ipants abilit y to turn to previously seenobjects, or the abilit y to visually estimate

egocentric distances(between self and object) and exocentric distances(between

two objects). In contrast, other research has required participants to conduct more

complexnavigation tasks,such as �nding target objects or locations in multispaced

(large-scale)environments.

The experiment used during this PhD aimed to investigate navigable abilit y

within virtual spacesby investigating the middle ground between those two posi-

tions. Participants werepresent in the samespaceas the target objects (i.e. within

a small-scalespace),and were required to perform translations and rotations while

conducting a brief and simple search task.

The advantage of using VEs to research navigation abilit y is that researchers

can often more easly manipulate task conditions i.e. environmental and interface

�delit y (Waller, Hunt & Knapp, 1998). The information gainedcan then not only

be of use to VE application designersto discover the a�ects of systemattributes,

but can also inform researchers into the cognitive processesused to navigate real

and virtual spaces.

Individual di�erences werenot explicitly controlled in the experiments reported

in this thesis, thus the studieshave certain limitations. Individual di�erences have

beenshown to a�ect performanceduring spatial tasks in other studies,for example,

genderdi�erences have beenfound in mental rotation tasks,with malesperforming

quicker than females(Linn & Petersen,1985). Genderhasalsobeenfound to a�ect

di�erences in navigational strategies;whenparticipants navigated through a virtual

water maze to a target location femalesrelied mainly on landmark information,

while malesusedboth landmark and geometricinformation (Sandstrom,Kaufman

& Huettel, 1998). However, other research shows that di�erences in spatial per-

formancecan also be signi�cantly a�ected by socio-cultural expectations (Sharps,
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Price & Williams, 1994). Age has also beenshown to a�ect navigation tasks. In a

study by Mo�at, Zonderman,and Resnick (2001) participants were asked to navi-

gate a virtual maze;older participants took longer to completeeach trials, travelled

a longer distance,and madesigni�cantly more spatial memory errors than younger

participants.

The studies reported here also did not considerlevel 3 metrics concerningpar-

ticipants' decision making rationale (Ruddle & Lessels,2004), which could have

revealedindividual di�erences in cognitive styles and strategies(Chen, Czerwinski

& Macredie, 2000). Future studies might addressthese limitations by controlling

for gender, age, cognitive style, or other individual di�erences that might a�ect

performanceand/or behaviour in virtual environment navigation tasks.

The knowledgegained from the studies reported in this thesis could have im-

mediate use for present day VE applications. Designersof VE applications (see

Chapter 1) could bene�t from the new VE travel taxonomy by o�ering a way to

view and relate methods and devicesfor travel within a multidimensional design

space.This could createa new perspective on the designproblem and a new incite

to possibleapplication designsolutions.

The methods and techniquesof analysesof experiment data reported herecould

be of interest to thoseresponsiblefor the evaluation of VE applications. The three

levels of metric proposedby Ruddle and Lessels(2004) provides a useful categori-

sation for task analysis, and could be useful to those wishing to understand the

underlying causesof poor navigational performance,but could alsobe usedin many

other areasof task analysis.

VE applicationsdesignerscouldusethe knowledgegainedto increasetheir aware-

nessof how FOV, visual �delit y, and movement interface, e�ect navigational be-

haviour and performance.Applications, which are designedto familiarise usersfor

tasks in real world spaces,could use a�ordable desktop VEs if adequatetraining

is provided, although even with extendedtraining performanceis unlikely to be at

real world levelsall of the time for all users.However, whereis it critical that users

perform in the samemanner as they do in the real world, from the outset, then

the results from these studies show the bene�ts of providing both vestibular and

proprioceptive feedback.

One of the major barriers for the use of VEs for learning spatial information

is that usersfrequently becomedisorientated and seemto have little idea of where

they have travelled. A VE rich in orientation cuestheoretically contains su�cien t

information for participants to keep track of their direction and orientation, but
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in practice they have di�cult y in doing so. An interface that provides for full

physical movement increasesknowledgeof self position and orientation and allows

VE navigation performanceto rival that of real world navigation. Further research

is neededto determinewhether these�nding extend to larger spacessuch asvirtual

buildings and cities.

In conclusion,the studiespresented in this thesishave someimportant implica-

tions for the designof VEs for navigation. First, when the visual �delit y of a VE is

increasedand is usedin combination with either a simple interfaceor a wide FOV,

participants' navigational abilit y also increases.However, even with this combina-

tion of factors, performanceremains substantially below that which occurs in the

real world. It shouldbe noted that visual �delit y doesnot necessarilymeanrealism,

rather, the amount of relevant orientation cuesand visual information distributed

within the scene.

Second,the rotational vestibular and proprioceptive information provided by a

tethered HMD doesnot improve small-scalesearch performancebeyond that which

is seenwith a stationary desktop display. Third, an interface that provides full

(i.e. rotational and translational) vestibular and proprioceptive feedback dramat-

ically improves participants' search performance, to that seenin the real world.

Finally, when full proprioceptive and vestibular information is available the �delit y

of the visual scenehas little impact on performance,demonstrating the dominance

of information gainedfrom physical movement for e�cien t navigation in room-sized

spaces.
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Figure 10.1: Pageoneof the Short SymptomsChecklist
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Figure 10.2: Pagetwo of the Short SymptomsChecklist
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Figure 10.3: Pagethree of the Short SymptomsChecklist

103



Bibliograph y

Alfano, P. L. & Michel, G. F. (1990). Restricting the �eld of view: Perceptualand

performancee�ects. Perceptual and Motor Skills, 70(1), 35{45.

Allison, R. S., Harris, L. R., Hogue, A., Jasiobedzka, U., Jenkin, H., Jenkin, M.,

Jaekl,P., Laurence,J., Pentile, G., Redlick, F., Zacher, J. & Zikovitz, D. (2002).

Simulating self-motion I I: A virtual reality tricycle. In Virtual Reality, 6 (pp.

86{95). Springer-Verlag.

Bakker, N. H., Werkhoven, P. J. & Passenier,P. O. (1999). The e�ects of proprio-

ceptiveand visual feedback on geographicalorientation in virtual environments.

Presence: Teleoperators and Virtual Environments, 8(1), 36{53.

Bliss, J. P., Tidwell, P. D. & Guest, M. A. (1997). The e�ectiv enessof virtual

reality for administering spatial navigation training to �re�gh ters. Presence:

Teleoperators and Virtual Environments, 6(1), 73{86.

Bolas, M. (1994). Human factors in the designof an immersive display. In IEEE

Computer Graphicsand Applications, 14 (pp. 55{59).

Bonakdarian, E., Cremer, J., Kearney, J. & Willemsen, P. (1998). Generation

of ambient tra�c for real-time driving simulation. Image Society Conference,

Scottsdale,AZ, USA, (pp. 123{133).

Bowman, D., Kruij�, E., LaViola, J. J. & Poupyrev, I. (2004). 3D User Interfaces.

Theory and Practice. Addison-Westley.

Bowman, D. A., Johnson,D. B. & Hodges,L. (2001). Testbed evaluation of vir-

tual environment interaction techniques. Presence: Teleoperators and Virtual

Environments, 10(1), 75{95.

104



Chapter 10 BIBLIOGRAPHY

Bowman, D. A., Koller, D. & Hodges,L. (1997).Travel in immersivevirtual environ-

ments: An evaluation of viewpoint motion control techniques. In Proceedings

of the Virtual Reality Annual International Symposium (pp. 45{52).

Bruzzone,A., Brandolini, M. & Viazzo, S. (2004). Massive training basedon vir-

tual reality equipment applied to logistics and heavy haul trucking. Summer

Computer Simulation Conference, San Jose,California, USA (pp. 487{492).

Buxton, W. (1983). Lexical and pragmatic considerationsof input structures. In

Computer Graphics,17(1) (pp. 31{37).

Card, S., Mackinlay, J. & Robertson, G. (1991). A morphological analysisof the

designspaceof input devices.ACM Transactionson Information Systems, 9(2),

99{122.

Carraro, G. U., Cortes, M., Edmark, J. T. & Ensor, J. R. (1998). The peloton

bicycling simulator. In Proceedings of the Thir d Symposium on Virtual Reality

Modeling Language(pp. 63{70).

Chance,S. S., Gaunet, F., Beall, A. C. & Loomis, J. M. (1998). Locomotion mode

a�ects the updating of objects encountered during travel: The contribution of

vestibular and proprioceptive inputs to path integration. Presence: Teleopera-

tors and Virtual Environments, 7(2), 168{178.

Chen, C., Czerwinski, M. & Macredie, R. (2000). Individual di�erences in virtual

environments-introduction and overview. Journal of the American Society for

Information Science, 51(6), 499{507.

Chen,J. X., da V. Lobo, N., Hughes,C. E. & Moshell, J. M. (1997). Real-time 
uid

simulation in a dynamic virtual environment. IEEE Computer Graphics and

Applications, 17(3), 52{61.

Cobb, S. V. G., Nichols, S., Ramsey, A. & Wilson, J. R. (1999). Virtual reality-

induced symptoms and e�ects (VRISE). Presence: Teleoperators and Virtual

Environments, 8(2), 169{186.

Connell, M. & Tullberg, O. (2000). A framework for the interactive investigation of

�nite element simulations in virtual environments. In The Second International

Conference on Engineering Computational Technology, Belgium. (pp. 23{28).

105



Chapter 10 BIBLIOGRAPHY

Creem-Regehr,S. H., Willemsen, P., Gooch, A. A. & Thompson, W. B. (2003).

The e�ects of restricted viewing conditions on egocentric distance judgments.

Journal of Vision, 3(9), 16a.

Cruz-Neira, C., Sandin,D. & DeFanti, T. (1993). Surround-screenprojection-based

virtual reality: The designand implementation of the CAVE. In SIGGRAPH

Computer GraphicsProceedings (pp. 135{142).

Czerwinski, M., Tan, D. S. & Robertson, G. G. (2002). Womentake a wider view.

In Proceedings of CHI 2002(pp. 195{202).

Darken, R. P. & Banker, W. P. (1998). Navigating in natural environments: A

virtual environment training transferstudy. In Proceedingsof the Virtual Reality

Annual International Symposium (pp. 12{19).

Darken, R. P., Cockayne, W. R. & Carmein, D. (1997). The omni-directional tread-

mill: A locomotion devicefor virtual worlds. In Proceedingsof the 10th Annual

ACM Symposium on User Interface Software and Technology (pp. 213{221).

Darken, R. P. & Sibert, J. L. (1996). Way�nding strategiesand behaviors in large

virtual worlds. In Conference Proceedings on Human Factors in Computing

Systems,CHI 1996(pp. 142{149).

Deutsch, J. E., Latonio, J., Burdea, G. C. & Boian, R. (2001). Post-stroke rehabil-

itation with the rutgers ankle system: A casestudy. Presence: Teleoperators

and Virtual Environments, 10(4), 416{430.

Diwadkar, V. A. & McNamara,T. P. (1997). Viewpoint dependencein scenerecog-

nition. Psychological Science, 8, 302{307.

Ellis, S. R. (1993). Pictorial Communications in Virtual and Real Environments,

chapter 2, (pp. 22{40). Taylor & Francis.

Gamberini, L., Cottone, P., Spagnolli, A., Varotto, D. & Mantovani, G. (2003).

Responding to a �re emergencyin a virtual environment: Di�eren t patterns of

action for di�eren t ssituations. Ergonomics, 46(8), 842{858.

Grant, S. C. & Magee,L. E. (1998). Contributions of proprioception to navigation

in virtual environments. Human Factors, 40(3), 489{497.

106



Chapter 10 BIBLIOGRAPHY

Grantcharov, T. P., Kristiansen, V. B., Bendix, J., Bardram, L., Rosenberg, J. &

Funch-Jensen,P. (2004). Randomizedclinical trial of virtual reality simulation

for laparoscopicskills training. Britiish Journal of Surgery, 91(2), 146{150.

Harris, L. R., Jenkin, M., Zikovtiz, D., Redlick, F., Jaekl, P., Jasiobedzka, U.,

Jenkin, H. & Allison, R. S. (2002). Simulating self motion I: cues for the

perceptionof motion. In Virtual Reality, 6 (pp. 75{85). Springer-Verlag.

Herder, J., W•orzberger,R., Twelker, U. & Albertz, S. (2002). Useof virtual envi-

ronments in the promotion and evaluation of architectural designs.Journal of

the 3D-Forum Society, 16(4), 117{122.

Hermer, L. & Spelke, S. S. (1996). Modularit y and development: the caseof spatial

reorientation. Cognition, 61, 195{232.

Hindmarsh, J., Fraser,M., Heath, C., Benford, S. & Greenhalgh,C. (2000). Object-

focusedinteraction in collaborative virtual environments. ACM Transactions

on Computer-HumanInteraction, 7(4), 477{509.

Jacob,R. J. K. & Sibert, L. E. (1992). The perceptualstructure of multidimensional

input device selection. In Proceedings of the SIGCHI Conference on Human

Factors in Computing Systems(pp. 211{218).

Kearns,M. J., Warren, W. H., Duchon, A. P. & Tarr, M. J. (2002). Path integration

from optic 
o w and body sensesin a homing task. Perception, 31(3), 349{374.

Kerr, S. J., Neale,H. R. & Cobb, S. V. G. (2002). Virtual environments for social

skills training: The importanceof sca�olding in practice. In Proceedings of the

Fifth International ACM Conference on Assistive Technologies(pp. 104{110).

Kirschen, M. P., Kahana, M. J., Sekuler,R. & Burack, B. (2000). Optic 
o w helps

humans learn to navigate through synthetic environments. Perception, 29(7),

801{818.

Klatzky, R. L., Loomis, J. M., Beall, A. C., Chance,S. S. & Golledge,R. G. (1998).

Spatial updating of self position and orientation during real, imagined, and

virtual locomotion. Psychological Science, 9(4), 293{298.

Kline, P. B. & Witmer, B. G. (1996). Distanceperception in virtual environments:

E�ects of �eld of view and surfacetexture at neardistances.In Human Factors

and ErgonomicsSociety 40th Annual Meeting (pp. 1112{1116).

107



Chapter 10 BIBLIOGRAPHY

Linn, M. C. & Petersen,A. C. (1985). Emergenceand characterisation of gender

di�erences in spatial abilities: A meta-analysis.Child Development, 56, 1479{

1498.

Loftin, R. B. & Kenney, P. (1995). Training the hubble spacetelescope 
igh t team.

Computer Graphicsand Applications, IEEE, 15(5), 31{37.

May, J. G. & Badcock, D. R. (2002). Handbook of Virtual Environments, Design,

Implementation, and Applications (pp. 29{63). LawrenceErlbaum Associates.

Mo�at, S. D., Zonderman,A. B. & Resnick, S. M. (2001). Age di�erences in spatial

memory in a virtual environment navigation task. Neurobiology of Aging, 22,

787{796.

Mohler, B. J., Thompson,W. B., Creem-Regehr,S.,Pick, H. L., Warren, W., Rieser,

J. J. & Willemsen,P. (2004).Visual motion in
uences locomotionin a treadmill

virtual environment. In Proceedingsof the 1st Symposiumon Applied Perception

in Graphicsand Visualization (pp. 19{22).

Molet, T., Aubel, A., Capin, T., Carion, S., Lee, E., Magnenat-Thalmann, N.,

Noser,H., Pandzic, I., Sannier,G. & Thalmann, D. (1999). Anyonefor tennis?

Presence: Teleoperators and Virtual Environments, 8(2), 140{156.

Murray, C. D., Bowers, J. M., West, A. J., Pettifer, S. & Gibson, S. (2000). Navi-

gation, way�nding, and placeexperiencewithin a virtual city. Presence: Tele-

operators and Virtual Environments, 9(5), 435{447.

Oliva, A., Mack, M. L., Shrestha,M. & Peeper, A. (2004). Identifying the perceptual

dimensionsof visual complexity of scenes. In Proceeding of the 26th Annual

Meeting of the Cognitive Science Society.

Pertaub, D.-P., Slater, M. & Barker, C. (2002). An experiment on public speak-

ing anxiety in responseto three di�eren t typesof virtual audience. Presence:

Teleoperators and Virtual Environments, 11(1), 68{78.

P�eruch, P., May, M. & Wartenberg, F. (1997). Homing in virtual environments:

E�ects of �eld of view and path layout. Perception, 26(3), 301{311.

Peterson,B., Wells, M., Furness,T. & Hunt, E. (1998). The e�ects of the inter-

faceon navigation in virtual environments. Proceedings of Human Factors and

ErgonomicsSociety 1998Annual Meeting (pp. 1496{1505).

108



Chapter 10 BIBLIOGRAPHY

Poupyrev, I., Weghorst,S., Billinghurst, M. & Ichikawa, T. (1998). Egocentric ob-

ject manipulation in virtual environments: Empirical evaluation of interaction

techniques. Computer GraphicsForum, 17(3), 41{52.

Presson,C. C. & Montello, D. R. (1994).Updating after rotational and translational

body movements: Coordinate structure of perspective space. Perception, 23,

1447{1455.

Psotka, J., Lewis, S. A. & King, D. (1998). E�ects of �eld of view on judgments

of self-location: Distortions in distanceestimationseven when imagegeometry

exactly �ts the �eld of view. Presence: Teleoperators and Virtual Environments,

7(4), 352{369.

Riecke, B. E., van Veen,H. A. H. C. & B•ultho�, H. H. (2002). Visual homing is pos-

sible without landmarks: A path integration study in virtual reality. Presence:

Teleoperators and Virtual Environments, 11(5), 443{473.

Rieser,J. J. (1989).Accessto knowledgeof spatial structure at novel points of obser-

vation. Journal of Experimental Psychology: Learning, Memory and Cognition,

15(6), 1157{1165.

Roberts, B., Pioch, N., & Ferguson,W. (2000). Verbal coaching during a real-time

task. International Journal of Arti�cial Intel ligence in Education, 11, 377{388.

Robertson,G., Czerwinski,M. & Dantzich, M. V. (1997). Immersionin desktopvir-

tual reality. In Proceeding of the 26th Annual Meeting of the Cognitive Science

Society (pp. 11{19).

Ruddle, R. A. (2004). The e�ect of environment characteristicsand userinteraction

on levelsof virtual environment sickness.In Proceedingsof IEEE Virtual Reality

(VR'04) (pp. 141{148).

Ruddle, R. A. & Jones,D. M. (2001). Movement in cluttered virtual environments.

Presence: Teleoperators and Virtual Environments, 10(5), 511{524.

Ruddle, R. A. & Lessels,S. (2004). Three levelsof metric for evaluating way�nding.

In Proceedingsof Virtual Reality DesignandEvaluation Workshop,Nottingham.

Available on CD (ISBN 0 853581231).

Ruddle, R. A., Payne, S. & Jones,D. (1999). Navigating large-scalevirtual environ-

ments: What di�erencesoccur betweenhelmet-mounted and desk-topdisplays?

Presence: Teleoperators and Virtual Environments, 8(2), 157{168.

109



Chapter 10 BIBLIOGRAPHY

Ruddle, R. A., Payne, S. J. & Jones,D. M. (1997). Navigating buildings on "desk-

top" virtual environments: Experimental investigationsusingextendednaviga-

tional experience.Journal of Experimental Psychology: Applied, 3(2), 143{159.

Ruddle, R. A. & P�eruch, P. (2004). E�ects of proprioceptive feedback and environ-

mental characteristicson spatial learning in virtual environments. International

Journal of Human-ComputerStudies, 60(3), 299{326.

Sandstrom, N. J., Kaufman, J. & Huettel, S. A. (1998). Males and femalesuse

di�eren t distal cuesin a virtual environment navigation task. Cognitive Brain

Research, 6, 351{360.

Schulte-Pelkum, J., Riecke, B. E., von der Heyde, M. & B•ultho�, H. H. (2002).

Perceivingand controlling simulated ego-rotationsfrom optic 
o w: In
uence of

�eld of view (FOV) and display deviceson ego-motionperception. In Object

Perception and Memory (OPAM) 2002. Presented at OPAM 2002,KansasCity.

Sharps, M. J., Price, J. L. & Williams, J. (1994). Spatial cognition and gender:

Instructional in
uences on mental image rotation performance. Psychology of

Women Quarterly, 18, 413{425.

Sinai, M. J., Krebs, W. K., Darken, R. P., Rowland, J. H. & McCarley, J. S.

(1999). Egocentric distanceperceptionin a virtual environment usinga percep-

tual matching task. In Proceedingsof the 43rd Annual Meeting Human Factors

and ErgonomicsSociety, Volume 43 (pp. 1256{1260).

Slater, M. & Usoh, M. (1993). Simulating peripheral vision in immersive virtual

environments. Computers& Graphics, 17(6), 643{653.

Slater, M., Usoh, M. & Steed,A. (1995). Taking steps: The in
uence of a walk-

ing technique on presencein virtual reality. ACM Transactionson Computer-

Human Interface, Special Issue on Virtual Reality Software and Technology,

2(3), 201{219.

Soares,L., Nomura, L., Cabral, M., Dulley, L., Guimaraes,M., Lopes,R. & Zu�o,

M. (2004). Virtual hang-gliding over Rio de Janeiro. In Workshop at IEEE

VR04.

Steck, S.D. & Mallot, H. A. (2000).The role of globaland local landmarksin virtual

environment navigation. Presence: Teleoperators and Virtual Environments,

9(1), 69{83.

110



Chapter 10 BIBLIOGRAPHY

Sullivan, J., Darken, R. P. & McLean, T. (1998). Terrain navigation training for

helicopter pilots using a virtual environment. In Thir d Annual Symposium on

Situational Awarenessin the Tactical Air Environment.

Sutherland, I. E. (1965). The ultimate display. In Proceedings of IFIPS Congress,

New York City, NY, 2, 506{508.

Tan, D. S., Gergle,D., Scupelli, P. G. & Pausch, R. (2004). Physically largedisplays

improve path integration in 3d virtual navigation tasks. In Proceedings of the

2004Conference on Human Factors in Computing Systems(pp. 439{446).

Templeman, J. N., Denbrook, P. S. & Sibert, L. E. (1999). Virtual locomotion:

Walking in place through virtual environments. Presence: Teleoperators and

Virtual Environments, 8(6), 598{617.

Tlauka, M. & Wilson, P. N. (1994). The e�ect of landmarks on route-learning in a

computer-simulated environment. Journal of EnvironmentalPsychology, 14(4),

305{313.

Tolman, E. C. (1948). Cognitive mapsin rats and men. Psychological Review, 5(4),

189{208.

Usoh, M., Arth ur, K., Whitton, M. C., Bastos,R., Steed,A., Slater, M. & Brooks,

F. P. (1999). Walking> walking-in-place> 
ying, in virtual environments. Pro-

ceedings of SIGGRAPH 99 (pp. 359{364).

Waller, D. (1999). Factorsa�ecting the perceptionof interobject distancesin virtual

environments. Presence: Teleoperators and Virtual Environments, 8(6), 657{

670.

Waller, D. (2000).Individual di�erencesin spatial learningfrom computer-Simulated

environments. Journal of Experimental Psychology: Applied, 8, 307{321.

Waller, D., Hunt, E. & Knapp, D. (1998).The transferof spatial knowledgein virtual

environment training. Presence: Teleoperators and Virtual Environments, 7(2),

129{143.

Waller, D., Loomis, J. M. & Haun, D. B. M. (2004). Body-basedsensesenhance

knowledgeof directions in large-scaleenvironments. PsychonomicBulletin &

Review, 11(1), 157{163.

111



Chapter BIBLIOGRAPHY

Waller, D., Loomis,J. M. & Steck, S. (2003). Inertial cuesdo not enhanceknowledge

of environmental layout. PsychonomicBulletin & Review, 10(4), 987{993.

Wang, R. F. & Spelke, E. S. (2002). Human spatial representation: insights from

animals. Trendsin Cognitive Sciences, 6(9), 376{382.

Ware, C., Arth ur, K. & Booth, K. S. (1993). Fish tank virtual reality. Proceedings

of the SIGCHI conference on Human factors in computingsystems(pp. 37{42).

Ware, C. & Osborne, S. (1990). Exploration and virtual cameracontrol in virtual

three dimensional environments. In Proceedings of the 1990 symposium on

Interactive 3D graphics(pp. 175{183).

Weatherford, D. L. (1985). The Developmentof Spatial Cognition. Hillsdale, NJ:

Erlbaum.

Welch, R., Blackmon, T. T., Liu, A., Mellers, B. A. & Stark, L. W. (1996). The

e�ects of pictorial realism, delay of visual feedback, and observer interactiv-

it y on the subjective senseof presence. Presence: Teleoperators and Virtual

Environments, 5(3), 263{273.

Wilson, B. H., Mourant, R. R., Li, M. & Xu, W. (1998). A virtual environment

for training overheadcrane operators: Real-time implementation. IIE Trans-

actions, 30(7), 589{595.

Witmer, B. G., Bailey, J. H., Knerr, B. W. & Parsons,K. C. (1996). Virtual spaces

and real world places: Transfer of route knowledge. International Journal of

Human-ComputerStudies, 45(4), 413{428.

Witmer, B. G. & Kline, P. B. (1998). Judging perceived and traverseddistancein

virtual environments. Presence: Teleoperators and Virtual Environments, 7(2),

144{167.

Zanbaka, C., Lok, B., Babu, S.,Xiao, D., Ulinski, A. & Hodges,L. F. (2004). E�ects

of travel technique on cognition in virtual environments. In Proceedings of the

IEEE Virtual Reality Conference (VR04) (pp. 149{156).

Zheng, X. S., McConkie, G. W. & Schae�er, B. (2003). Navigational

control e�ect on representing virtual environments. In Proceedings

of the Human Factors and Ergonomics Society 47th Annual Meeting.

http://www.isl.uiuc.edu/Publications/HFES2003VRP aper-�nal.p df.

112


