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AbstratWhen moving through an environment, people unonsiously build up a mental image,or ognitive map, of that environment. When later planning a trip or giving diretionsto someone else, they an mentally walk through the environment, remembering featuresrelevant to their urrent task. This proess of building up a ognitive map of a plae andusing that map later is alled ognitive mapping.This dissertation presents the novel idea of using the ognitive mapping proess to teahrelationships between data items, alled the spatial learning method. By reating a VEwhere the buildings or rooms represent data items, and the paths between the buildings orrooms indiate the relationships between the data items, visitors exploring the VE would notonly be building up a ognitive map of the environment, but also learning the relationshipsimplied by the layout.To investigate the feasibility of the spatial learning method, suh a VE was reated.Three studies using this VE were run onurrently on a single set of 26 partiipants. The�rst study investigated whether visitors to a VE an in fat build up an aurate ognitivemap of it, and studied the e�et of the VR display system on the ognitive mapping proessas well as the e�et of having provided partiipants with a map of the VE. The seond studyinvestigated whether data relationships an be inferred from the ognitive map, looked atthe e�et of display type and having a map on learning, and ompared learning via thespatial learning method with that via a onventional leture (presented to a separate groupof 7 partiipants). The third study examined the relationship between various psyhologialfators (emotions suh as enjoyment, interest, and distress, as well as the sense of presene)and ognitive mapping and learning.Study 1 found that while most partiipants did build up a ognitive map of the VE usedin the study, the maps were generally of low quality. Study 2 showed that the learning ofthe underlying data set varied greatly between partiipants, with some remembering almostall of the data points and the relationships between them while others ould barely answerthe most rudimentary questions about the data set. Study 2 also showed that partiipantswho attended the onventional leture performed signi�antly better at the learning testthan partiipants who were taught via the spatial learning method. Study 3 found that thepartiipants who attended the VR sessions did not experiene any more positive emotionsthat those who attended the leture, and also showed that emotions and the sense of presenewere unrelated to both ognitive mapping and learning. Studies 1 and 2 also showed thatusing an immersive, head-traked VR system as opposed to a desktop system did not a�eteither ognitive mapping or learning.With these �ndings it is diÆult to reommend the use of the spatial learning methodas a teahing tool. However, some of the results are enouraging, and it may be possible toimprove the method at least to the point where it ould be used a teahing aid to supplementonventional methods rather than replaing them.iii
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Chapter 1IntrodutionWhile Virtual Reality (VR) is primarily used for manufaturing, entertainment and training(suh as training shipboard �re�ghters in VR before progressing on to training in real �resituations [75℄), it has also been used for eduation in shools [25℄. This type of eduationhas mostly foused on simulating a partiular environment and allowing hildren to explorethe onsequenes of various ations | for example, Jakson et al [37℄ used VR to reatea Virtual Environment (VE) in whih hildren ould hange world parameters (suh asinreasing the emission of greenhouse gases) and see the onsequenes of their ations (suhas the e�et on the global temperature). Osberg et al [57℄ has investigated the eduationaltehnique of allowing hildren to reate their own VEs, whih requires them to researh thesubjet material and to understand it well enough to use it to reate a VE, rather thanpassively absorbing the same information through onventional means suh as a lassroomleture. The key element in using VR in eduation is that it allows students to interatdiretly with information [57℄, reating an experiene that is more engaging than traditionalteahing methods.This dissertation presents a new way of using VR for eduation whih ombines diretinteration with physial exploration. This onept is alled the spatial learning method.1.1 The Spatial Learning MethodWith the use of Virtual Environments, data an be presented in truly 3-dimensional form,allowing users to enter into the data and study relationships lose up. By representing a dataset in suh a spatial form, with spatial relationships between objets in a VE representingthe relationships between data items, we an represent almost any set of data in VE whetherit is spatially based or not.For example, a database of famous omposers ould be spatially represented within aVE by representing eah omposer with a statue, with the distane between omposers indi-ating the degree of similarity of their musi styles. By using spatial hyperlinks, or teleports,di�erent sets of spatial relations an be reated for the same data set | so in the omposersexample, teleports ould be set up to link statues in a temporal relationship in addition tothe similarity of style relationship. In suh a VE, the geography and environmental featuresare based on data items and the relationships between them.1



CHAPTER 1. INTRODUCTION 2This ould be a useful way of presenting data to be learned. By setting up data rela-tionships as spatial relations, we make use of the brain's well-developed spatial abilities.Just by exploring suh a VE, the visitor is subonsiously aquiring knowledge about thelayout of the environment | and thus also knowledge about the data items relate to eahother.This ours beause when people move around new environments, whether they are realor virtual, they subonsiously build a mental image of the spae they are in [24℄. Thismental image is enoded in the hippoampus [4℄, and is alled a \ognitive map" [41, 53, 76℄.It helps people �nd their way in environments that they have visited before, and also helpsthem remember the struture of the plae, for example if they are asked for diretions [24℄.This proess is alled ognitive mapping.Making use of ognitive mapping to teah data relationships by reating a VE with thelayout based on the data set ould be alled spatial learning. This dissertation presents aset of exploratory studies into the feasibility of using this novel approah (desribed in moredetail in Chapter 3) to teah data sets.1.2 AimsThis researh explores three areas that need to be investigated before the use of the spatiallearning method an be reommended: those issues related to ognitive mapping in VirtualEnvironments (VEs); those issues related to the feasibility of the spatial learning method;and the psyhologial impat of VEs and spatial learning on the user. The ultimate aim isto either reommend the spatial learning method and provide reommendations as to whatequipment will be needed and what other fators need to be onsidered, or to eliminate themethod as a feasible learning option.1.2.1 Cognitive Mapping in VEsIt needs to be established whether a visitor to a VE an form a ognitive map of thatenvironment within the limited amount of time that is normally available to the visitor toexplore the environment. It must also be established whether immersive equipment (suhas head-trakers and Head Mounted Displays) is neessary to form a ognitive map of theVE, or whether a keyboard-and-monitor-based desktop system is suÆient. It must bedetermined whether it is neessary to provide visitors with a map of the struture of thevirtual environment, or whether this auses them to pay less attention to their surroundings(thereby detrating from their ability to form an aurate ognitive map of the area).Finally, the e�et of a visitor's spatial abilities on their ability to form a ognitive map ofthe VE must be studied.1.2.2 Feasibility of the Spatial Learning MethodIt is important to determine whether it is possible for a visitor, having built up a ognitivemap of a VE, to absorb and omprehend the underlying data set not as a map, but in termsof the atual data points and the relationships between them. Again, it must be establishedwhether a desktop system supports the desired result, or whether a immersive system isneessary. Also, the e�et of a partiipant's spatial abilities on their ability to absorb the



CHAPTER 1. INTRODUCTION 3underlying data set must be determined. Finally, having established that the underlyingdata set an be absorbed, the extent to whih this ours should be ompared against theamount information retained during a onventional leture-style presentation.1.2.3 Psyhologial ImpatThe impat the use of a VR system (whether desktop-based or immersive) on a visitor'semotions must be investigated, and it must be determined whether these e�ets are duesimply to the novelty of the situation or whether they are also felt by those with moreexperiene in VR. The emotions evoked by the VR system used in the spatial learningmethod should be ompared with the emotions evoked by a onventional presentation ofthe data set. In addition, another aspet of the visitor's psyhologial experiene, namelythat of presene, should be onsidered. It would be useful to determine whether a strongersense of presene helps in forming a ognitive map of a VE, and whether it a�ets the abilityto translate this map into an understanding of the underlying data set.1.3 Overview of MethodologyThree exploratory studies have been designed to investigate the areas of interest outlinedabove. These studies were run onurrently on single set of 33 partiipants, who weredivided into �ve groups:� Those using an immersive Head Mounted Display (HMD) system with a map of theVE (4 partiipants);� Those using an immersive HMD-based system without a map (4 partiipants);� Those using a desktop system with a map (9 partiipants);� Those using a desktop system without a map (9 partiipants);� Those attending a leture on the data set (7 partiipants).The number of partiipants in the HMD onditions was low beause of the high drop-out rate due to simulator sikness. Approximately one in two partiipants felt dizzy andnauseous during the HMD session (see Setions 4.4.6 and 8.1 for more details). Beause ofthese low sample sizes, nonparametri statistis were used to analyze the data (see Setion4.8).1.3.1 Study 1 | Cognitive MappingStudy 1, reported in Chapter 5, investigated the issues surrounding ognitive mapping inVE. The study onsisted of two parts. The �rst part was an experimental study whihtested two hypotheses: �rstly, that the VR display system and input devie used woulda�et ognitive mapping; and seondly, that providing partiipants with a dynami You-Are-Here map showing position and orientation would a�et ognitive mapping.The seond part of Study 1 was a relational study whih investigated the relationshipbetween several other fators and ognitive mapping, namely: the perentage of the envi-ronment that was explored; whether or not the experimental task was �nished; previous



CHAPTER 1. INTRODUCTION 4VR/gaming experiene; the age of the user; the gender of the user; the primary travel modeof the user; the spatial abilities of the user; the perentage of time that a map of the VEwas visible; and psyhologial fators suh as emotional aspets and presene.1.3.2 Study 2 | Learning the Data SetStudy 2, reported in Chapter 6, investigated the feasibility of the spatial learning method.Again, the study onsisted of two parts. The �rst setion was an experiment study exam-ining two hypotheses: �rstly, that the presentation style (HMD VR system, desktop VRsystem, and onventional leture) would a�et the learning of the data set; and seondlythat providing VR partiipants with a dynami You-Are-Here map showing position andorientation would a�et their learning of the data set.The seond part of the study was a relational study investigating the relationship be-tween several other fators and learning | spei�ally, the extent to whih a ognitive mapof the environment was formed; psyhologial fators, suh as emotions (enjoyment, fear,surprise, shyness, interest, distress) and the sense of presene; the perentage of the envi-ronment that was explored; the amount of time spent in the VE; the age of the user; thegender of the user; the spatial abilities of the user; and the perentage of time that a mapof the VE was visible.1.3.3 Study 3 - Psyhologial ImpatThe �nal study, Study 3 (reported in Chapter 7), investigated whether the VR displaysystem inuened a visitor's emotions and sense of presene. Again, it onsisted of two parts.The �rst part was an experimental study, with two hypotheses: �rstly, that presentationstyle (HMD VR system, desktop VR system, and onventional leture) would a�et theemotions of the partiipants, and that within the VR onditions the display type would a�etthe sense of presene of the partiipants; and seondly that providing VR partiipants witha dynami You-Are-Here map showing position and orientation would a�et their emotionsand sense of presene.The seond part of study 3 was again a relational study whih examined the relationshipbetween the partiipant's emotions and sense of presene and various other fators, namely:the extent to whih a ognitive map was formed of the VE; the extent to whih the data setwas learned; the amount of time spent in the VE ; the perentage of the environment thatwas explored; whether or not the experimental task was ompleted; previous VR/gamingexperiene; gender; and age. In addition, the relationship between the emotions felt bypartiipants and their sense of presene was investigated.1.4 Outline of DissertationChapter 2 presents bakground material relevant to this researh. The various types ofVR display systems that support navigation are disussed, along with the di�erent types ofinput devies. In terms of the psyhologial impat of VR on users, the onept of preseneis presented along with a disussion on its measurement.The onept of a ognitive map is presented, along with some of the ontroversy aboutthe exat form that this mental representation takes. The formation of a ognitive map is



CHAPTER 1. INTRODUCTION 5disussed, along with the onsequent impliations for VEs, and the types of distortions thatour in ognitive maps are reviewed. The various methods of measuring ognitive mapsare also presented.The onepts behind navigation and way�nding are presented, along with a disussionof navigation issues partiularly relevant to VEs. The various types of tools that may aidin navigation are disussed, and guidelines for designing navigable VEs are presented. Theimportane of an individual's spatial abilities is disussed, as are the fators whih inuenethese abilities.Chapter 3 presents the theory behind the spatial learning method, and several examplesare given. Several related learning methods are disussed. The data set requirements arereviewed, and some potential appliations are presented. Finally, the onept of non-linearspatiality is presented, along with some potential appliations.Chapter 4 begins by reviewing the aims of this researh, along with the three studiesdesigned to investigate these aims. The rest of the hapter desribes the methodology used,whih is ommon to all three studies. The data set used in these studies is desribed,as is the VE that was designed to present the data set. The onventional presentation isalso disussed, along with the experimental proedure for both the VR and onventionalpresentations. The methods of data olletion are desribed as well as the measures usedin the studies. Finally, the methods of analysis are disussed.Chapter 5 desribes the �rst of the three studies, whih investigates the e�et of variousfators on ognitive mapping. The aims of the researh spei� to this study are reiterated,followed by the results of the study. These results and their impliations are then disussed.Chapter 6 desribes the seond of the three studies, whih tests the spatial learningmethod by omparing the results of the VR presentation and the onventional presentation,and also examines the e�et of several fators on VR learning. The aims of the study arereiterated, followed by the results of the study. These results and their impliations arethen disussed.Chapter 7 desribes the last of the three studies, whih investigates the psyhologialimpat of the VR learning experiene. The aims of the study are reiterated, followed bythe results of the study. These results and their impliations are then disussed.Finally, Chapter 8 summarizes the onlusions drawn from the three studies, and on-siders their ombined impliations for the spatial learning method. Reommendations as tothe use of the spatial learning method are presented, along with an analysis of the neessaryfurther researh into the method.There are several appendies to this dissertation. Appendix A shows some sreenshots ofthe digital questionnaire presentation (desribed in Setion 4.6.1). Appendix B presents theDi�erential Emotions Sale used to assess the emotional impat of the experiene (desribedin Setion 4.7.1), while Appendix C presents the Presene Questionnaire used to measurethe sense of presene felt by the VR partiipants (desribed in Setion 4.7.1). Similarly,Appendix D presents the Everyday Spatial Abilities Test (desribed in Setion 4.7.2) usedto measure partiipants' spatial abilities. The last of the appendies, Appendix E, presentsthe test given to partiipants in order to measure how of the data set they had learned (seeSetion 4.7.6). The orret answers are also inluded.



Chapter 2BakgroundThe onepts behind the spatial learning method are drawn from a range of disiplines, suhas Virtual Reality, environmental psyhology, and urban planning. This hapter presentsbakground information from these �elds that is relevant to this researh, suh as the variousVR display systems and input devies (Setion 2.1.1, the sense of presene, in terms of itspsyhologial e�et on partiipants (Setion 2.2), ognitive mapping theory (Setion 2.3),navigation and way�nding theory (Setion 2.4), partiularly with regard to VEs (Setion2.4.4), and spatial abilities researh (Setion 2.5).2.1 Virtual Reality2.1.1 VR systems and Input DeviesThere are many di�erent types of Virtual Reality systems. Some systems, suh as intera-tive workbenhes, are used primarily for examining and working on a single objet. Othersystems, suh as Head-Mounted-Displays and CAVEs, are used primarily to at as an in-terfae to a Virtual Environment, whih users an enter and be surrounded by. This seondtype of system is the kind whih is referred to in this dissertation.There are three main types of systems used to display Virtual Environments:1. Desktop systems, where the display is a monitor sreen. Stereo may or may not beavailable, depending on whether some type of stereo glasses are used.2. Head-Mounted-Displays (HMDs), where the display is two small monitors diretly infront of the eyes. By displaying slightly o�set views to eah eye, a stereo e�et anbe reated.3. CAVEs, where the display is projeted on to three walls and the oor (sometimes allfour walls and the oor) and the user stands in the middle. Stereo glasses are used toreate a stereo e�et.Eah of these types of systems require the user to be able to move around inside theenvironment being displayed, and there are many di�erent devies used to aomplish this.These devies an be divided into two ategories: diret, and indiret. Diret deviesmap the user's physial body movements diretly into the virtual environment, and inlude6



CHAPTER 2. BACKGROUND 7treadmills and trakers. Indiret devies interpret ommands made by the user (suh asthose via a keyboard, mouse, or joystik) into movements within the virtual environment.Diret input devies provide more physial ues for the user. For example, turning one'shead in the real world auses the virtual display to hange as it would as if it were real,and so the physial feedbak suh as musle tension and inner ear stimuli orrespond tothe virtual movement [35, 86℄. With indiret devies, however, the only physial feedbakis the sensation of a �nger hitting a key or pressing a button.Unfortunately, even the best display and input systems fall far short of the real world,Even diret devies annot map every body motion into virtual motion, as every portionof the body would need to be traked and proessed, and even the best display systemshave limitations. Low display resolutions, auray of olours, limited �eld-of-view, andlak of peripheral vision all derease the system �delity (the extent to whih the VirtualEnvironment is indistinguishable from a real environment) [66, 78, 86, 87℄. Issues suhas display update rate and lateny also a�et �delity [86℄, as does the lak of positionalsound (and the lak of normal, everyday noises, as it is pratially impossible to inludeall of these in a VE). Lak of hapti ues [44℄, the fat that not all bodily ations an betranslated into VE ations, and the limited number of interations available within a VE allserve to make the virtual experiene more impoverished than a real experiene. This mustbe remembered when studying omplex phenomena suh as navigation and way�nding inVirtual Environments.The fat that the amount of time spent in Virtual Environments is in terms of minutesor hours also a�ets researh into navigation, way�nding, and ognitive mapping, as withresults from real environments the amount of time spent is normally measured in terms ofdays, months, and years.2.2 PreseneMuh researh in Virtual Environments (VE's) is onerned with the onept of presene,that of being in an atual plae when one is in a VE. Presene has been linked to greaterknowledge transferability [70℄ as well as enhanement of learning and performane [89℄.More generally, presene is informally used as a measure of how \good" a virtual environ-ment is. This researh investigates whether the sense of presene a�ets ognitive mappingand the learning of the data set underlying the layout of the VE | if the partiipant feelsthat they are in a real plae, they may reat to it as real in terms of ognitive mapping(and thus learning) as well as navigation and way�nding.2.2.1 De�ning PreseneThe general understanding of the onept of presene is that it is the sense of being in avirtual environment. Witmer & Singer [89℄ de�ne presene as \the subjetive experieneof being in one plae or environment, even when one is physially situated in another". Inthe ase of teleoperators, presene is the sense of being at the remote site, rather than atthe operator's onsole. In the ase of Virtual Environments, presene refers to experieningthe simulated environment, rather the physial surrounding one. Slater et al [70, 71℄ takethis onept further, de�ning presene as a state of onsiousness, the psyhologial sense ofbeing in the virtual environment, together with orresponding modes of behaviour. Users



CHAPTER 2. BACKGROUND 8who experiened a high sense of presene should remember the experiene as having visiteda plae, not as having seen images. Behaviour in the VE should be onsistent with behaviourin similar situations in everyday life.Witmer & Singer [89℄ believe that presene is a normal awareness phenomenon, and isbased on the interation between sensory stimuli, environmental fators whih enourageinvolvement, and internal tendenies to beome involved. They say that presene in a VEdepends an attention shift from the real world to the VE. However, it does not require thetotal removal of attention from the real world. The degree to whih attention is shifted awayfrom the real world determines the amount of presene felt by the user. Thus, presene is amatter of fous. However, they also present an alternative view, namely that presene maybe similar to seletive attention. Seletive attention desribes the tendeny to fous on onlyrelevant or interesting information. The argument is that experiening presene in a VErequires the ability to fous on one set of relevant stimuli, those of the VE, to the exlusionof irrelevant stimuli from the real world. In this model, both involvement and immersionare neessary to experiene presene.Slater et al [70℄ hypothesize that presene is an inreasing funtion of two orthogonalvariables. The �rst is the extent of the math between the displayed sensory data andthe internal representation and world model employed by the partiipant. The seond isthe extent of the math between proprioeption and sensory data, i.e. the onsistenybetween hanges to the display must be onsistent with hanges aused by the partiipant'smovement and loation.2.2.2 Measuring PresenePresene is most often measured by means of a self-report questionnaire given to partiipantsafter they leave the VE. Generally, a numeri sale is used, a tehnique known as magnitudeestimation. However, this tehnique does have some possibly serious aws. One of these isthe \range e�et", whereby partiipants' numerial ratings are strongly inuened by therange of the physial stimulus to whih they are exposed. Another possibly important awis the \anhor e�et", whereby the value whih partiipants assign to a given onditiondepends on the onditions to whih it is ompared [59℄. These e�ets make it diÆult toompare data on presene between separate experiments, but fortunately seem not to havean e�et within a single experiment.Slater et al [70, 71℄ use a 1 to 7 sale to measure subjetive presene. The six questionsare based on three basi determinants, namely� The sense of \being in" the VE;� The extent to whih there were times when the virtual world seemed more the pre-senting reality than the real world; and� The sense of having visited a plae rather than seeing images.Two sample questions from their questionnaire read as follows:1. Please rate your sense of being there in the virtual reality.2. When you think bak about your experiene, do think of the virtual reality more asimages that you saw, or more as somewhere that you visited?



CHAPTER 2. BACKGROUND 9Prothero et al [59, 60℄ also use a 1 to 7 sale questionnaire. Samples of items on theirquestionnaire:1. In sharkworld, I felt like . . . (1 = I was standing in the laboratory, wearing a virtualreality helmet; 7 = I was in some sort of oean, near a shark-infested shipwrek).2. Did the virtual world seem more like a piture, or more like a sene looked at througha window? (1 = like a piture; 7 = like looking through a window).Witmer & Singer [89℄ developed a presene questionnaire (the PQ) based on four ate-gories of fators whih inuene presene. Items on the PQ are also measured on a seven-point sale. Some sample questions from the PQ are as follows:1. How inonsistent or disonneted was the information oming from your varioussenses?2. How losely were you able to examine objets?3. How distrating was the ontrol mehanism?4. How pro�ient in moving and interating with the virtual environment did you feelat the end of the experiene?Witmer & Singer's questionnaires appear partiularly attrative as subjetive measuresof presene, as they seem to be aware of reliability and validity issues, and have attemptedto show that their questionnaires are both reliable and valid. A reent study by Johns etal [38℄ suggests, however, that the PQ is not suitable for omparing presene levels arossdi�erent Virtual Environments.2.3 Cognitive Maps2.3.1 De�nitions and HistoryEssentially, a ognitive map is a mental image of a plae, a network of representations ofboth plaes and the relationships between them [53℄. There are many de�nitions of ognitivemaps and ognitive mapping (see [41℄), all similar but with di�erent emphases. The majorreason for the di�erenes is that this �eld of researh is multi-disiplinary, and thus has awide base of knowledge and viewpoints, but no strong united philosophial and theoretialbase.A distintion is generally made between the terms \ognitive map" and \ognitive map-ping" [41℄. Cognitive mapping is traditionally de�ned as a proess omposed as a seriesof psyhologial transformations by whih someone aquires, stores, realls and deodes in-formation about the relative positions and attributes of the items in their everyday spatialenvironment (Downs & Stea, 1973a in [41℄), and is thus the proess by whih ognitive mapsare formed and used. A ognitive map is a network of representations oding both plaesand the sequential relations among them [52℄. Tolman, who �rst used the term \ognitivemap", said that there is a map like representation in the nervous system whih is used toguide our everyday movements, and that is represented as a artographi map whih gainsEulidean properties with repeated exposure to the environment [41℄.



CHAPTER 2. BACKGROUND 10The idea behind ognitive maps was �rst developed by Edward Tolman in 1948, as anattempt to explain the learning behaviour of rats in mazes [76℄. At the time, there weretwo main shools of animal psyhologists. One group believed that the maze behaviourof rats was a simple ase of stimulus-response onnetions. Aording to this \stimulus-response" shool, learning is a matter of strengthening some stimulus-response onnetions,and weakening others. A rat in a maze is exposed to a range of external stimuli (e.g. sights,sounds, smells) as well as a range of internal stimuli oming the musle and visera of the ratitself. The rat's entral nervous system was seen as a swithboard, with inoming externalstimuli being linked to the outgoing messages to the musles, with the linkages being reatedso as to traverse the maze most aurately. In this system, the learning proess is simplythe proess of strengthening the linkages that lead to aurate turnings and other approvedbehaviours. Bad results (for example, taking a long time to get to the food in the maze,thus staying hungry for longer) will redue the likelihood of that partiular set of linkagesbeing used again, while good results (e.g. getting to the food quikly and reduing hunger)will strengthen that partiular set of onnetions. These reations are known as negativeand positive reinforements, respetively.The seond group of animal psyhologists, to whih Tolman belonged, were known as\�eld theorists", and believed that in the ourse of learning, something like a map of theenvironment gets established in the rat's brain. They saw the brain more as a map roomthan a swithboard, where inoming impulses are elaborated into a \tentative, ognitive-like map of the environment" [76℄. Aording to Tolman, these maps ould vary betweenbeing narrow and strip-like, and being broad and omprehensive (nowadays referred to interms of \route" knowledge and \survey" or \on�guration" knowledge, respetively, in[86, 81, 17, 67, 52℄, amongst others). The narrower and more strip-like the map, the lesssuessfully it an be used when the environment hanges | for example, if a previouslylear path is bloked o�. In a strip-map the starting position and the goal are onnetedonly by a single, relatively simple path, whereas in a omprehensive map a wider ar of theenvironment is represented. Narrow strip-maps an be indued by:� a damaged brain;� an inadequate array of environmental ues;� an overdose of repetitions on the original path;� the presene of too strongly motivational or too strongly frustrating onditions (whenonditions are too strongly motivational, it beomes diÆult to relearn the environ-ment when the original path is no longer orret; when onditions are too frustrating,learning stops one a single usable route has been found).Tolman's paper and ideas were largely ignored at the time, but were revived in theearly 1970's (Allen, 1985 in [41℄). The onept has expanded and urrent theories are thatognitive maps don't just denote relative positions. They also ontain attributive valuesand meanings, and are not independent of role, funtion, and subjetive impressions andfeelings (Wood & Bek, 1989 in [41℄). They enode resoures, memories, aspirations, as wellas fatual information about layout (Spener et al, 1989 in [41℄).



CHAPTER 2. BACKGROUND 112.3.2 Controversy over Cognitive MapsThere is a ertain amount of ontroversy over the term \ognitive map". Some (e.g. Butten-�eld, 1986, in [41℄) say that a ognitive map is the external produt of measurement, ratherthan an internal representation of an environment, while others (suh as Gatrel, 1983, in[41℄ and Liben, 1981, in [41℄) say that the term \ognitive map" refers to internal thinkingproesses, and that the external form whih is evoked is a \spatial produt".There are four di�erent ways of thinking about the term \ognitive map":1. Expliit statement: A ognitive map is a artographi map. O'Keefe & Nadel (1978, in[41℄) hypothesized that the hippoampus is a map whih is a 3D, Eulidean model ofthe world, and that it has rigid geometrial properties. This is based on rat studies,where the position of the rat in a maze orrelated with neural ativity in spei�parts of the hippoampus [44℄. The main arguments against this approah is thatthere are too few neurons to over all experienes, and adding new data would requirethe rebuilding of eah neuron's identity.2. Analogy: A ognitive map is like a artographi map. In this approah, there is nophysial region in the brain that stores a ognitive map. The mind's eye inspets theognitive map in the same way that the physial eye inspets a graphial map, andthere is a orrespondene between input and output behaviours of the storage andretrieval funtions of the two representations. E�etively, the term map denotes afuntional analogue, and Downs and Stea (1973, in [41℄) argue that it is an analogyto be used, not believed.3. Metaphor: A ognitive map works like a artographi map. The reasoning behindthis approah is that we behave as if we have a map in our head (Kaplan, 1973a andGraham, 1976, both in [41℄, and thus it is reasonable to at as if the ognitive mapis a artographi map. The problem with this approah is that it is very easy toslip into believing that there really is a map physially in the brain (Downs, 1976 in[41℄), but this metaphor is useful beause it makes relationships expliit and providesguidane for using imagery to remember abstrat oneptual relationships that are noteasily imaged ([83℄). The main argument against this approah is that non-Eulideanproperties have been disovered in external representations (Kuipers 1983 in [41℄).4. Hypothetial Construt: a onvenient �tion. In this approah, the term \map" doesnot have a literal meaning, and \ognitive map" refers rather to overt, non-observedproesses and organizations of elements of knowledge. This explanation was inspiredby the �nding of spatial produts with non-Eulidean properties, suh as intravisity(A is seen as further away than B, B is seen as further away than C, but C is seenas further away than A), and non-ommuniativity (the distane from A to B is notseen as the same distane as from B to A) ([77℄, Baird et al, 1982, in [41℄). In thisapproah, whether the internal entities are like or work like a map is immaterial [41℄.This last approah seems the most pratial for those who are interested in using ogni-tive maps to study the amount of information that an individual has about an environment,as in this researh, rather than in the atual proess of ognitive mapping. While it is im-portant to the theorists to know the true internal form of ognitive maps, it is possible to



CHAPTER 2. BACKGROUND 12use them in researh regardless of whether the ognitive map is a real map or simply workslike a map.2.3.3 Forming a Cognitive MapCognitive maps are formed during purposeful ativity (Spener et al, 1989 in [41℄), and theproess involves integration of images, information and attitudes about the environment(Spener & Blades, 1986 in [41℄). In large-sale environments, the spae is outside immediatepereptual �eld of user, and so ognitive ativity is needed to build a ognitive map [7℄.G�arling, B�o�ok, and Lindberg [26℄ desribe the �ve stages of forming a ognitive map:1. Information is reeived by the senses;2. The information is stored in the sensory registers;3. The information is transformed or re-oded;4. The transformed information is stored in short-term memory;5. The information in short-term memory is stored in long-term memory.Certain fators are thought to aid in the ognitive mapping proess, suh as frequeny ofaess to the environment, the distintiveness of the environment (either visually or throughbakground knowledge of the plae), and the frequeny with whih ertain landmarks arethought about and used in planning of routes. Previous knowledge of environments of thesame type an also aid in ognitive mapping, even if one has never been in that partiularenvironment before [40℄. When it is partiularly important for visitors to build up anaurate ognitive map of an environment, as in the spatial learning method, these fatorsmust be borne in mind when designing both the environment and the visitor's introdutionto it.Researh suggests that one the basi struture of the ognitive map has been formed,further familiarity with the environment expands the extents of the ognitive map, addsdetail, and makes the ognitive map more omplex, but does not alter the basi struture[23℄. In terms of the spatial learning method, it is thus important to make sure that thevisitor's initial ognitive map is orret.Physial Cues and Cognitive Mapping | Impliations for Virtual EnvironmentsResearh onduted by Held & Rekosh in 1964 (reported in [73℄) indiates the importaneof motor experiene and sensor motor interation to the pereption of the environment.The less motor-environment interation available, the less aurate the pereption of theenvironment. Stea [73℄ omments that these �ndings may have impliations for transportmethods used to explore a new environment. Passive systems, suh as busses, may leadto ognitive maps that have less detail and are less aurate than ative systems, suh aswalking or driving.This idea has been on�rmed by Holahan [33℄, who reports that drivers produe moreaurate sketh maps, and Cohen & Cohen [16℄ who report that those who use mainlypubli transport tend to have the most inaurate maps. Appleyard [1℄ also found thatthose who use publi transport drew the lowest quality sketh maps, and those who drive



CHAPTER 2. BACKGROUND 13a ar produed the highest quality sketh maps. Carr & Shissler [11℄, however, found nodi�erene in ognitive mapping between drivers, passengers, and ommutersThis has deep impliations for navigation and ognitive mapping in Virtual Reality, asmany VR systems do not support any motor-environment interation beyond that a�ordedby pressing a key or holding down a button.While little researh has been done into the e�et of proprioeptive and motor ues onognitive mapping in Virtual Environments, several studies have been onduted into theire�et on navigation, and sine the ognitive map underlies and supports navigation andway�nding [79℄, these studies indiretly reet on ognitive mapping as well.Chane et al [12℄ found that diretion estimates were more aurate when partiipantswalked naturally than when they used a joystik for movement, regardless of whether turningwas a traked, natural movement or joystik ontrolled. Iwata & Yoshida [35℄ quote twostudies that suggest that proprioeptive feedbak is important in navigation (Ware & Slipp,1991; Witmer, Bailey, Knerr, & Parsons, 1996), and desribe a study by Bakker, Werkhoven& Passnier (1998) in whih it was found that the highest auray of estimation of rotationourred when partiipants atually used their legs to turn themselves around. Their ownstudy found that distane estimations were more aurate when using a treadmill than ajoystik for movement [35℄.However, a study by Witmer & Kline in 1998 [86℄ found no di�erene in distane es-timation between using a treadmill, joystik or teleports for movement. Similarly, Koh etal found no di�erenes in bearing and range estimations between the real world, desktopVR with keyboard-based movement, and immersive VR onditions with traked movement.Waller [80℄ mentions that few studies have found di�erenes in spatial pereption betweenHMD and desktop displays, and himself found that display type (immersive versus desktop)had little e�et on distane estimation. This �nding is supported by Ruddle et al (Ruddle(1996) in [64℄), who found that no signi�ant route-�nding di�erenes were found betweendesktop and immersive displays, and although the data were not entirely onlusive, Ruddleet al found in a later study on a seasape VE [66℄ that diretion estimates were not a�etedby the display type, although relative straight-line distane estimates were more auratewhen using the HMD than a desktop display.In summary, then, while the theory suggests that navigation and way�nding performaneshould di�er between the real world (whih has all the physial ues available), immersiveVR (whih has some physial ues) and desktop VR (whih has no physial ues), experi-mental results are mixed. The �rst study desribed in this dissertation investigates whetherpartiipants to a VE an build up a ognitive map of the environment (see Chapter 5).2.3.4 Using a Cognitive MapIn way�nding and navigation, one generally wants to travel from a \start" position to a\goal" position. If both these positions an be represented within the ognitive map, thenthe way�nding proess beomes a proess of mentally searhing the ognitive map for apath onneting the two positions. If there is no diret onnetion, then subgoal positionsare used. These subgoals may beome more re�ned, with intervening subgoals being addedbetween the original set of subgoals [40℄. Routes are often not optimal in terms of distane,and are a sequene of approximations in the right diretion that is guided by these subgoals[23℄.



CHAPTER 2. BACKGROUND 14This proess does not have to be a onsious one, although it an be [41℄. Essentially,having a good ognitive map of an environment allows you to travel the route in your head,planning your trip, reognizing plaes as you get there, and predit what omes next on theroute.When there are hoies along a route, having a good ognitive map of the plae is moreuseful than having a learned route [52℄. This is similar to Tolman's onept of narrow stripmaps and broad omprehensive maps [76℄, and more reently, route and survey knowledge.If only a single route to the destination is known, the narrower and more strip-like the map,and thus the less suessfully it an be used when the environment hanges | for example,if a previously lear path is bloked o�.Having a broad ognitive map of the environment that is being explored is partiularlyimportant in the spatial learning method, as this implies that the visitor knows more of theinterrelationships between the data points.2.3.5 Distortions in Cognitive MapsCognitive maps exist in psyhologial spae, as the plaes that they represent exist inphysial spae. The mental image reets some of the metri features of the physial spae,but distanes, loations, and other geometrial properties of the psyhologial spae maynot have a one-to-one orrespondene with the physial spae that is being represented. Thesymmetry and reexivity axioms of Eulidean spae may not hold, and diretions may notbe tied into any omprehensible oordinate system. Any orrespondene with the physialspae that does exist may be purely topologial [52℄.Distortions are not due to retrieval failures, but to distorted representations. They are aresult of faulty pereption or of errors in the enoding proess [13℄. Holahan & Dobrowolny[34℄ suggest that errors and distortions are not random, but are related the behaviour of theindividual in that partiular environment. Tversky [77℄ denies that distortions are failures inproessing so muh as they are normal onsequenes of the heuristis used when proessingenvironmental data. Distortions may thus our during storage or during reall.There are many types of distortions that may our in ognitive maps, and many reasonsfor eah type of distortion. When designing a VE for use in the spatial learning method,it is important to be aware of the various types of distortions that may our, as wellas the reasons for them. This not only allows the VE designer to redue the number ofdistortions, but also to make use of ertain distortions (for example, roads with lots ofangles are generally pereived as being longer than straight roads of equal length (Sadalla& Magel, 1980, in [4℄, and [9℄). Two objets an thus be plaed lose together, but joinedvia a winding route to give the impression of a greater distane.Some types of distortions are disussed below, but of neessity these disussion are briefoverviews only.DistanesBy far the most ommon type of distortion, distane distortion has also the most researhdediated to it.Cognitive distane is a fator in three types of spatial deisions: it a�ets the deisionto stay or go, it a�ets the deision of where to go, and it a�ets the deision of whih



CHAPTER 2. BACKGROUND 15route to take [10℄. Distane is judged not just in terms of physial distane, but also interms of biologial riteria (e.g. whether or not a destination is within walking distane)[5℄. Cognitive distane di�ers from pereived distane in that pereived distanes are thosewhih an be seen and judged in one glane, while ognitive distanes are those whih needto be thought about in the abstrat, without atually being seen [10℄. Holahan [33℄ de�nespereived distane as the distane between you and a visible objet, and ognitive distaneas the distane between you and a non-visible objet.Cognitive distane is a�eted by diretion: the length of journeys away from the enter oftown are overestimated (Lee, 1970, in [10℄), although some studies have shown the oppositee�et (Golledge et al, 1969, in [10℄. Routes whih travel along a slope, whether up or downit, are seen overestimated in length [4℄.Cognitive distane is also a�eted by the attrativeness of the destination; the moredesirable it is to reah the goal, the shorter the distane appears [10℄. Distane judgementsalso improve with emotional investment [33℄.The auray of pereived distane is also important. If the distane is pereived ina-urately, then it will be remembered inaurately and the ognitive map inorporating itwill be inaurate. The harateristis of the path itself a�ets the pereption of distane.Roads with lots of angles are generally pereived as being longer than straight roads of equallength (Sadalla & Magel, 1980, in [4℄ and [9℄), and routes ontaining more information andlandmarks are seen as longer than more impoverished routes (Milgrim, 1973, in [4℄.Equal distanes are judged as shorter when they are within the same region than whenthey are in di�erent regions, suh as neighborhoods, or regions de�ned by lusters of land-marks (Hirtle & Jonides, 1985, in [4℄). Straight line distanes tend to be overestimatedbetween neighborhoods, and when neighborhoods are separated by a physial barrier suhas a railroad or river [13℄.Golbek [28℄ states that distane distortions vary with age (younger hildren overesti-mate distanes) and with the atual distane between the two points under onsideration| distanes of around 3 feet tend to be overestimated, while distanes of around 5 feettend to be underestimated.Distane distortions are tempered by familiarity with the environment, as the morefamiliar an individual is with a partiular environment, the more aurate their distaneestimations are [10, 28℄.InompletenessBehtel [4℄ notes that the most ommon distortion in ognitive maps is that of leavingsomething out. Inompleteness ours when an environmental feature or objet that existsin the physial environment is not inluded in an individual's ognitive map [33℄. This is afairly straightforward distortion, as objets in the environment that are not notied annotbe inluded in a ognitive map [4℄.AugmentationAugmentation ours when inorret items are added to a ognitive map. This an ourwhen two plaes beome onfused and objets from one plae are remembered as being fromthe other [4℄, or when knowledge of other, similar types of environments indiates that a



CHAPTER 2. BACKGROUND 16feature should be present, even though it was not present in that partiular environment[33℄.SizeSize distortions are also very ommon [4℄. Features that are better known, and that aremore familiar, will tend be remembered as bigger than features that are unfamiliar. Thesize of area is also seen as bigger the more often it is used, espeially when it is used forsoial purposes or for ommuniation [52℄.Retilinear NormalizationRetilinear normalization refers to the tendeny to impose a North-South-East-West gridon environments. Intersetions that do not meet at 90o tend to be fored into a retilinearN-S-E-W grid [84℄, even when the true diretion of intersetion is as large as 45o [13℄. Thesame tendeny auses buildings to be realled as lusters oriented to the ardinal diretions[84℄.DisplaementRelated to distane distortions, displaement refers to the tendeny to remember neighbor-hoods, buildings and landmarks as being loser to environmental features than they atuallyare. Displaements are generally towards any outstanding feature or landmark, suh as ariver, railroad, or distintive part of town [13℄.Alignment and RotationRotation and alignment e�ets are a result of the heuristis used to enode loation whenit is diÆult to remember the exat plaement and orientation of objet. In these ases,the objet is remembered in terms of the surroundings rather than in and of itself. Thisheuristi may be applied on storage of the image of the environment, or during retrieval (orreonstrution) of the image, for example during questioning [77℄.The rotation e�et is aused by objets or environments induing their own natural axisand imposing this indued axis on the memory of its position and orientation. There are 3types of axes whih an be indued by visual images of an environment [77℄:� axes of symmetry/balane (e.g. a road biseting a region);� main-line axis (e.g. a road and a river running in the same diretion);� landmark axes (e.g. a road onneting two landmarks).When the bakground (suh as the oÆe in whih an objet is plaed) has its ownnatural axis, the two axes tend to be drawn together, and are remembered as being morealigned than they atually were (ompare Figures 1 and 2). In addition, the natural axis ofan are or objet is often rotated in memory so as to align to either a horizontal or vertialaxis (ompare Figures 1 and 3), so for example rivers and roads are often remembered asrunning more diretly north-south or east-west than they atually do [13, 77, 78℄.
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Figure 1: A table in an oÆe. The oÆe is rotated 13o to the right; the table is rotated 8oto the right.

Figure 2: A remembered view of the oÆe in Figure 1. The table has been rotated to alignwith the oÆe.

Figure 3: Another remembered view of the oÆe in Figure 1. In this ase, the oÆe andtable have been rotated to align with a horizontal and vertial axis.
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Figure 4: A sene in whih the two objets near the top left orner will be grouped togetherin memory.

Figure 5: The two objets in Figure 4 have been lined up relative to eah other, and havebeen given the same orientation. The objet in the right hand bottom orner was not seenas part of the group.The alignment e�et ours when two or more objets in a sene are positioned losetogether. Memories of the sene tend to group the objets together, to orient them towardseah other, and to line them up relative to eah other [13, 77, 78℄. For example, the senein Figure 4 may be remembered and skethed as in Figure 5, where the two objets losetogether are lined up together, and are both oriented in the same diretion.This e�et also a�ets distane judgement. In a study by Coren and Girgus (1980, in[77℄), partiipants were asked to judge distanes between pairs of dots. When the two dotsin the pair were pereived as part of the same pereptual group, the distane between themwas estimated as being smaller than when the two dots were pereived as being part ofseparate groups.Hierarhial ErrorsHierarhial errors are those aused by the nature of the storage of a ognitive map. M-Namara [50℄ states that ognitive maps are stores as a hierarhy, whih ontains nestedlevels of detail. Information is organized under the relation of ontainment, and suh astruture an be expressed as a tree in whih terminal nodes orrespond to objets, andnonterminal nodes orrespond to various lusters of objets. For example, the ity \Seattle"would be a terminal, while the state \Washington", whih is a olletion of ities, wouldbe a non-terminal. The errors that people make when judging spatial relations lends some



CHAPTER 2. BACKGROUND 19support to the hierarhial representation theory. For example, Seattle is often judged tobe south-west of Montreal, instead of its atual relation of north-west. Presumably, thiskind of judgement is based on the spatial relationships of the larger, ontaining area | theUS is south of Canada, so Seattle must be south of Montreal. This type of e�et is alsoreported by Tversky [77℄ and Chase [13℄, who all them \part-whole" errors.Straightening E�etStraightening a�ets both the shape of features and loations. Edges (suh as rivers, roads,or town outlines) whih have many turns and bends are remembered as being less omplexthan they atually are, with only the general outline being remembered. Smaller turnsand bends are forgotten. For example, the USA/Canada border is remembered as beingstraighter than it atually is [77℄.Distortions in Virtual EnvironmentsBeause there is some unertainty as to whether the ognitive mapping proess is the samein a virtual environment as in a real environment, it is important to note that distortionsalso our in ognitive maps of virtual environments. Some of these distortions are thesame as those that our in the real world, while some seem to be spei� to VEs. Moststudies are onerned with distane distortions and diretion distortions, and how thesedi�er between the di�erent types of virtual environments (Setion 2.1). Many of the resultsare ontraditory, and while it is not possible to disuss all these studies and �ndings, arepresentative sample is presented.Witmer & Kline [86℄ ompared distane judgements between partiipants using a tread-mill to ontrol movement in a VE and those using a joystik. They did not �nd anysigni�ant di�erenes in distane estimation.Iwata & Yoshida [35℄ also found no di�erene in distane estimation of straight pathswhen using a two-dimensional treadmill as opposed to a joystik, but did �nd signi�antdi�erenes when the route inluded bends and turns. In both ases, they found that femaleswere more aurate at distane estimation than males.Koh et al [43℄ found that bearing and range estimations were equally low in real world,desktop VR, and immersive VR onditions. Henry (1992, in [43℄) found that judgementsof room size were smaller in simulated environments than in real ones, and that angleestimations had a wider variane in the simulated environment.Waller [81℄ found that distanes between objets were generally underestimated when us-ing either an head-traked HMD or a mouse-ontrolled desktop system. Providing feedbakon the distane estimates signi�antly improved their auray, and a geometri Field-of-View (the visual angle depited in the virtual sene) of between 50o and 80o resulted in thegreatest auray.Colle & Reid [17℄ found that after using a desktop and keyboard based system, partii-pants estimated the angles between two objets more aurately if the objets had been inthe same virtual room rather than in two di�erent rooms.Witmer & Kline [86℄ found that with regard to pereived distane between the parti-ipant and an objet, both VR and real world estimates were low, but that VR estimateswere less aurate than the real world estimates. They also found that the size of the virtualobjet a�eted the auray of the estimates, but oor textures and patterns did not. The



CHAPTER 2. BACKGROUND 20error in the distane estimates was also a�eted by the atual distane between the parti-ipant and the objet | estimates were less aurate at shorter distanes. With regards totraversed distane, Witmer & Kline found that VR estimates were again lower, but weremore aurate than those of pereived distane. Distane ues (one beep per 10 feet ofmovement) improved distane judgements, but using a treadmill rather than a joystik orteleportation did not a�et the auray of traversed distane judgements.Ruddle et al [66℄ found that partiipants who used a HMD estimated straight-line dis-tanes more aurately than those who used a desktop system, but also found that therewas no di�erene in diretion estimation auray.In a di�erent study, Ruddle et al [64℄ found that partiipants who followed a route withmore turns (although no hoie points) made less aurate diretion estimations, but thatFOV did not a�et diretion estimation.Chane et al [12℄ report that diretion estimates were more aurate when partiipantsould ontrol their virtual movement by walking normally (with their body position andheading being traked to update their virtual position and orientation) than when they useda joystik to ontrol movement and turning.Witmer et al [87℄ found that while both VE and real world distanes were underesti-mated when walking blind to a previously seen target, errors in the VE ondition were twiethe magnitude of those in the real world.2.3.6 Measuring Cognitive MapsAs a ognitive map is an internal onstrut, it has to be transformed into an external produtbefore it an be assessed and measured [52℄. There are many di�erent ways of aessing anindividual's ognitive map, eah with its own diÆulties, advantages, and disadvantages.Some of the more ommon methods are disussed briey, together with their strengths andweaknesses.Diretion JudgementOne method of measuring spatial knowledge is by using diretion judgements. This usuallyinvolves asking partiipants to point in the diretion of a ertain landmark or environmentalfeature. This method has been used in Virtual Environments by Ruddle et al [64℄ amongstmany others. Asking partiipants to point to the same landmark from several di�erentloations allows for inferene about the loation of the landmark through triangulation [55℄.Diretion judgements only aess a single aspet of an individual's ognitive map, however,and should be used in onjuntion with other methods.Distane JudgementDistane judgements are another way of measuring spatial knowledge that is more popularthan diretion judgements. Partiipants an be asked to estimate distanes in absoluteor relative terms, or in terms of travel time [33, 55℄. The method of diret magnitudeestimation may also be used, whereby a standard distane is given for the distane betweena pair of objets, and partiipants are required to give the distanes between other pairs ofobjets in terms of this distane [10℄. Again, distane judgements only aess one aspet ofan individual's ognitive map, and should be ombined with other methods.



CHAPTER 2. BACKGROUND 21Multi-dimensional SalingMulti-dimensional saling essentially involves many sets of paired-omparison distane judge-ments. Partiipants are asked to sale the distane between all possible pairs of plaes inan environment. A multi-dimensional saling algorithm is then run on the output, and aon�guration of the plaes is obtained. This on�guration represents the struture inferredby the pairwise judgement proedure [29℄. A map an be produed from this set of on�g-uration data, and this onstruted map an then be ompared to a artographi map [55℄.For an environment with a signi�ant number of plaes, however, this an be a very longproedure for the partiipants. Newombe [55℄ warns that this type of task requires onsid-erable information-proessing apability, and requires skills that are not well-pratied andmay be beyond the apabilities of some subjets.Verbal DesriptionsAsking partiipants to give a verbal desription of the environment is another way of aess-ing their spatial knowledge [33℄. The desription ould be written down or spoken aloud,and partiipants ould be asked to desribe a route (a tehnique used by Lynh [47℄), orthey ould be asked to give a general desription of the environment [33℄.This type of data an be very diÆult to analyze, as there an be tremendous variabilityin the ontent of individual responses [29℄.ReonstrutionsYet another method of aessing an individual's ognitive map is to ask them to reate amodel of the environment under question using bloks provided by the researher. Thishas the advantage of produing spatial representations diretly, with points related to eahother simultaneously in two or three dimensions [55℄. Howard, Chase & Rothman(1973, in[55℄ asked partiipants to plae sale models of eight buildings, with the distane betweentwo of them provided, and found that the judged distanes orrelated very highly with theatual distanes.While modelling may be a suitable method for small environments, larger environmentswith non-trivial numbers of landmarks may be more diÆult to represent. It may beomemore diÆult to plae bloks orretly in relation to the bloks already plaed and to showthe onnetions between these bloks, and if the bloks are not labelled or otherwise visuallyidenti�able it may be diÆult for both the partiipant and the researher to keep trak ofwhih landmark eah building represents.Auray of Way�ndingIt is also possible to measure an individual's knowledge about the environment by settingthem several way�nding tasks and analyzing their performane [88℄, and this is one of themethods used in this researh (see Setion 4.7.5).There are various ways to analyze way�nding performane. Koh et al [43℄ give severalmeasures used to analyze way�nding performane: the number of wrong turns made, theroute traversal time, the number of misidenti�ations of the destination, and the distanetraveled. Rovine [61℄ rated way�nding performane on three riteria:



CHAPTER 2. BACKGROUND 221. whether or not the most diret route taken;2. the distane traveled to reah the destination;3. the number of turns taken to reah the building;Waller et al measured way�nding ability by means of a blinded walk, and then ountedthe number of wrong turns taken, and measured the total time taken to over the route.Measuring an individual's way�nding performane appears to be one of the least arti�ialmethods of aessing ognitive maps, as this is the type of ativity whih a ognitive mapis used for in real life situations.Sketh MapsThe seond method of measuring ognitive mapping used in this researh is that of analyzingsketh maps. This is the most ommonly used method, but also the most ontroversial, andonsists of giving the partiipant a sheet of blank paper and asking them to draw a mapof the environment under question. Generally, further instrutions are not given, so as toallow the partiipant to draw their own onlusions about what is required [42℄. Sometimes,however, partiipants are told to draw the map as if to help guide someone who is new tothe environment [34℄, whih is the approah taken in this researh (see Setion 4.7.5).Problems with Using Sketh Maps Wood & Bek [90℄ point out some problems withusing sketh maps in researh. They aution that some partiipants may never have drawna map before, and may su�er from a form of graphophobia. Holahan [33℄ warns that thereliability of many of the measures used to analyze sketh maps has not been assessed, andalso points out that the drawing ability of the partiipants may a�et the validity of the re-sults. This last is a ommon ritiism of sketh maps, being voied by, in addition, Golledge[29℄, Siegel & Cousins [69℄, Darken et al [22℄ and Newombe [55℄. Newombe also pointsout that freely drawn maps are diÆult to lassify and study quantitatively. Downs [24℄agrees that soring, oding and analysis of sketh maps are idiosynrati and problemati,but does not deny their usefulness as data, and onludes that while the onept of a mapis useful for studying an individual's representation of a spae, the prodution of a map isa problematial tehnique.In Defense of Using Sketh Maps Despite the ritiisms leveled by Wood & Bek [90℄,they agree that there are ertain advantages to using sketh maps. The mapper an om-muniate large amounts of information to the researher, and an also easily ommuniatethe interrelatedness of environmental features | it is easier to draw three items than toexplain their relative positions. Holahan agrees that sketh maps are easy and eÆient andprovide data in a vivid and qualitatively rih format, and warns that while other tehniques(suh as verbal desriptions and distane judgements) are more reliable, they are also morearti�ial and thus less valid [33℄. Rovine [61℄ omments that many of the tehniques usedas a replaement for sketh maps require omplex and tedious proesses for data olletionand data analysis, and quotes three studies (Howard, Chase & Rotham, 1973, and Roth-well, 1974 and 1976) that suggest that sketh maps are relatively reliable. These studiesfound that for adults, graphi skill aounted for less than 2% of the variane in sketh
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Figure 6: Two examples of using the grid transformation to analyze sketh maps. Thesketh map whih was the basis for the grid transformation on the left was quite aurate,as the lines are only slightly distorted. The sketh map on whih the grid transformationon the right was based, however, was quite badly distorted. These �gures are taken from astudy by Bek & Wood [5℄.map auray. Newombe [55℄ ites two more advantages of sketh maps, in that they allowpartiipants to produe spatial representations as spatial produts diretly, and that theyallow points to be related to eah other simultaneously in 2D or 3D. Newombe also quotestwo studies that show that sketh maps are of higher quality than those produed by multi-dimensional saling tehniques, and onludes that while sketh maps do depend on drawingability, they are nevertheless and easy-to-understand everyday task that provides ontextfor distane judgements, and they provide a natural means of representing orientation anddistane information simultaneously.As this researh uses adult partiipants, the major problem with using sketh maps iseliminated, espeially in terms of the �ndings of Howard, Chase & Rotham, and Rothwell.Analyzing Sketh Maps There are many di�erent ways of analyzing sketh maps, themajority of whih fous on understanding the ognitive mapping proess or �nding outthe ognitive mapping skill level of the partiipant (suh as the map lassi�ation shemesused by Appleyard [1℄. These types of measures are not appropriate when the aim of thesketh map is to assess the environmental knowledge of the partiipant (as is the ase inthis dissertation).A measure that does assess the auray of sketh maps in order to determine how wellindividuals know the loations of objets in the environment is used by Bek & Wood [5℄.Eah individual sketh map is transformed onto a regular geometri grid. Displaement ofpoints and lines from their true positions show up as wavy lines on the grid, as the gridlines have to bend out of their way to pass through all the points that should appear onthat line on a standard map [5℄. An example of this method is shown in Figure 6. Whilethis method disovers systemati distortions in a partiularly vivid way, it does not produequantitative data and thus the results an be almost as diÆult to ompare and assess asthe original sketh maps.Appleyard [1℄ analyzed the auray of sketh maps by determining the number of



CHAPTER 2. BACKGROUND 24strutural errors made in terms of the zones of the ity under study. He ategorized errorsinto �ve di�erent types:1. faults (a break between zones);2. bends (the relationships between zones were spatially distorted);3. misloations (zones plaed in the wrong position on the map);4. zone reversals (the position of two zones were reversed);5. distortions (the road system within a zone was distorted).Rovine [61℄ derived three types of measures from sketh maps: frequenies of landmarks,path segments, and intersetions; omplexity of the sketh map (sequential or spatial, asdesribed in [1℄); and auray of the sketh map in terms of topologial auray of plae-ment of target buildings. Buildings were judged to be aurately plaed if the buildingwas in the appropriate sequene with respet to the buildings before and after it on thesketh map, and if the path onneting the buildings aurately reeted the turns needingto be made when traveling from the preeding to the following building. This method ofmeasuring loal auray de�nes auray only in terms of the information inluded on anindividual's map rather than the information available in the environment. This is similarto the approah taken in this researh, desribed in Setion 4.7.5.2.3.7 Children and Cognitive MappingWhile this researh uses only adult partiipants, it is important to realize that hildrendi�er from adults in terms of ognitive mapping abilities, and thus that the results of thisresearh annot automatially be arried over to hildren. Not only is their pereption andproessing of the environment di�erent to adults, so is their understanding of and responsesto methods of eliiting ognitive maps.A hild's understanding of the spatial layout of an environment develops through threestages of ognitive referene systems [51℄. The �rst stage is that of an undi�erentiatedegoentri referene system, where the only elements inluded in a representation of theenvironment are those of partiular personal signi�ane. The elements are mostly allof the same type, and there is no di�erentiation between points of view. Elements andlandmarks are not organized in terms of a spatial whole, and positions are mainly sequentialand topologial, without onern for left-right, before-behind, or distane relationships [51℄.This stage lasts until about six years of age, and during this stage hildren loate objetsin the environment relative to their own body [13℄.The seond stage is that of di�erentiated and partially oordinated subgroups based on�xed referenes. At this stage, the hild organizes the environment on the basis of groups ofelements, where the groups are not systematially related to eah other, but the positionsof elements within eah group are orret. Eah group shows a partiular point of viewor journey [51℄. This stage lasts between the ages of about 7 to 9, and during this stagehildren use a �xed oordinate system in whih objets and their own body are orientedrelative to landmarks and other �xed points in the environment [13℄.



CHAPTER 2. BACKGROUND 25The third stage is when the representation is operationally oordinated and hierarhi-ally integrated. At this level, an overall oordinate system exists, and left-right, before-behind and relative distane relationships are orret. New subgroups an be added to themodel, with the representation being hanged to inorporate the new group so that it isorretly related to the existing groups [51℄. This adult-like representation ours at about11 or 12 years of age, and hildren are now able to orient themselves and objets in theenvironment relative to an abstrat oordinate system suh as the ardinal diretions [13℄.Eliitation of the hild's model of the environment must math their apabilities [29℄.Young hildren have limited voabularies and limited graphial skills, and this must betaken into aount when asking them to draw a sketh map or desribe a route [42℄. Askinghildren to arrange bloks to reate a model of the environment has been used with somesuess, and this may be a better method of aessing a hild's ognitive map than usingsketh maps, provided that the model is smaller in sale than the original environment (i.e.miniaturization is required rather than expansion) [55℄.The way in whih hildren use ognitive maps also di�er from adults. In a study onnavigational strategies, Volbraht et al found that hildren remembered routes on the basisof spei� landmarks, partiularly those whih were strongly linked to their everyday lives(for example, a sweet shop). Children also had diÆulties in gaining an overall piture ofthe environment, and although a 2D map an assist in this, hildren of elementary shoolage may have equal diÆulties in using a map [79℄.2.4 Navigation and Way�nding2.4.1 De�nitions and Basi ConeptsThere is an important distintion between navigation and way�nding. Navigation is thephysial movement through an environment, as well as a ognitive element known asway�nding [22℄. It onsists of extrating information about the environment, forming men-tal representations, and using these representations for route planning and moving aboutin the environment, whether real or virtual [18℄. Navigation also involves updating yourposition and orientation during travel with respet to your destination, and re-orientingyourself and re-establishing travel towards your destination on beoming lost [45℄.Way�nding is the ability to learn and remember a route through an environment (Blades,1991 in [41℄), as well as the ability to �nd a partiular loation, and reognize it when youreah it [33℄. It requires ognitive mapping [4, 22℄, route planning, and distane estimation[22℄, and onsists of a deision making stage, and deision exeution stage [4℄.2.4.2 Landmark, Route and Survey KnowledgeThere are three basi types of knowledge that one an have of an environment. Landmarkknowledge is the most basi knowledge one an have about an environment. At this stage,knowledge onsists of a disonneted set of landmarks [81℄. An individual who has land-mark knowledge of a plae orientates themselves exlusively via highly visible landmarkssuh as buildings and statues, but annot navigate from one plae to another using thelandmarks as guides at deision points [84℄. Landmark knowledge an be used to reognizethe loation in whih one may �nd oneself [14℄. Landmark knowledge an be aquired either



CHAPTER 2. BACKGROUND 26by diretly viewing objets in the environment, or by viewing indiret representations ofthe environment suh as photographs [14℄.Route knowledge, whih is also known as proedure knowledge, is a slightly more ad-vaned form of knowledge. It is normally gained during personal exploration of an environ-ment [67℄, is aquired by assoiating navigational ations to landmarks (\turn until you'refaing the statue") [33, 84℄, and may require sensorimotor experiene of the routes [15℄.Route knowledge is haraterized by sequentially organized information about partiularroutes [64℄. A person who has only route knowledge of a plae an't take advantage ofshortuts [33℄, and won't know how to navigate around blokages in their route. Whennavigating via route knowledge, people tend to visualize the route in the mind's eye from a�rst person perspetive [14℄.Someone who has survey or on�gurational knowledge of a plae, by ontrast, has anoverall piture of the plae and know where things are in relation to eah other. They aninfer routes [14, 67℄ and see the plae from a third person, all-enompassing perspetive[14℄. Survey knowledge represents the on�guration relations among loations and routesin an environment, enoding the topographial properties of the plae [14℄, although it mayalso require knowledge of the distanes between loations [86℄. Survey knowledge is gainedby multiple explorations of an environment using multiple routes [67℄, or by the study ofmaps or other media [14℄. It appears as though it is quite likely that survey knowledgewill eventually develop from route knowledge on repeated exposure to the environment(Moeser, 1998, in [67℄, [84℄). Survey knowledge an take a long time to develop, however,as individuals an be in a real environment for more than a year without gaining surveyknowledge of it (Moeser, 1998, in [81℄, and if the tasks performed in the environmentdo not require survey knowledge it may never develop [81℄. Alternatively, some surveyknowledge may be available even before route knowledge, after only brief enounters withthe environment [17℄.Survey knowledge is thus the most omplete knowledge of the environment, and thistype of knowledge orresponds to Tolman's onept of a omprehensive ognitive map [76℄(see Setion 2.3). Route knowledge, on the other hand, orresponds to Tolman's oneptof narrow strip-maps. For the type of appliation desribed in this dissertation, routeknowledge is not suÆient | the user must be able to aquire survey knowledge of theenvironment.2.4.3 Using Real World Researh in Virtual EnvironmentsThere is some amount of unertainty as to whether researh into navigation and way�ndingin the real world an be applied to virtual environment, due in part to the issues disussedin Setions 2.1 and2.3.3.Satalih [67℄ onludes that are di�erenes between real and virtual environments thata�et performane in navigation and way�nding tasks, while Koh et al [43℄ found thatsome of the same distortions our in real and virtual environments (suh underestimatingranges), and quotes onlusions by Darken and Sibert to the e�et that priniples devel-oped in onnetion with real world navigation ould be applied to VE navigation. Waller[80℄ quotes several studies that have found that VEs an allow users to form mental rep-resentations of large real-world spaes (e.g. Ruddle, Payne & Jones (1997), Waller, Hunt& Knapp (1998) [81℄, and Witmer, Bailey, Knerr, & Parsons (1996)), but also warns that



CHAPTER 2. BACKGROUND 27there is evidene that VEs distort pereption of distanes (Witmer & Kline (1998) [86℄) andangles(Ellis, Smith, Grunwald & MGreevy, 1991). Vinson [78℄ gives several reasons forassuming that navigational behaviour is the same whether it takes plae in a real or virtualenvironment.2.4.4 Issues Spei� to Virtual EnvironmentsNavigation is urrently the most signi�ant usability issue in Virtual Environments [14℄. AsVEs beome larger and more omplex, it beomes easier for visitors to beome disoriented[3℄ and beome lost, and for most users beoming lost is very disturbing [78℄. In addition,it is diÆult for visitors to disover everything of interest in a VE without exploring it [3℄,and this exploration requires aurate navigation.Navigation is often diÆult for users, however [78℄. They normally spend relativelyshort periods of time in any partiular VE (generally minutes or hours, rather the days ormonths used by ognitive mapping researhers), and frequently lak of knowledge of theirposition and orientation. Not knowing the struture and layout of the partiular VE aswell as a lak of familiarity with VEs in general also ontribute to navigation diÆulties[64℄, and it may not always be possible to struture the VE in suh a way as to help withnavigation, sine the spatial struture may represent data [78℄. Non-intuitive navigationmethods suh as navigating by looking or by mouse movement [81℄, joystik, or keyboard[86℄ also ontribute to diÆulties in navigation.Virtual Reality systems urrently do not provide many of the ues available in the realworld, some of whih are desribed in Setion 2.3.3 and Setion 2.1. The lak of suh uesan negatively ognitive mapping and navigation (see Setions 2.3.3 and 2.3.5). The uesthat are laking an be divided into three basi types: environmental fators, physiologialfators, and system fators.Environmental Fators. Beause of omputational limitations, virtual environmentsgenerally ontain less visual detail than real environments, whih means that there arefewer landmarks to support navigation [64, 78℄ and fewer depth ues (suh as olusion andtexture gradients) to help users pereive distanes aurately [78℄ (Witmer & Kline [86℄found that texture did not a�et distane estimates, however).Physiologial Fators. Many physiologial ues are not available when interating witha VE. Loomotive and proprioeptive ues normally provided by walking and turning one'sbody or head are often absent [78℄, and lak of sene detail and texture as well as lowdisplay resolutions an diminish motion perspetive ues, whih result from hanges intexture gradients and give information about the rate and diretion of movement [86℄. Thevestibular ues indiating hanges in body position and orientation and the proprioeptiveues whih inform one of one's body ations (suh as walking speed and stride length) arealso absent, and the lak of these ues an negatively a�et traversed distane judgements[86℄. However, some display systems suh as HMDs do provide kinestheti and vestibularues [66℄. Setion 2.3.3 desribes some possible e�ets of the lak of physiologial ues onognitive mapping.



CHAPTER 2. BACKGROUND 28System Fators. Some VE display systems, suh as desktop and HMD systems, do notprovide muh (or any) peripheral vision [66, 78℄. However, displays suh as a CAVE doallow for peripheral vision, and some researhers have attempted to simulate peripheralvision with peripheral monitors (Slater & Usoh, 1993 in [66℄). Lak of peripheral vision anause users thus sometimes travel past their targets and also don't notie as muh of theenvironment. The redued �eld-of-view (FOV) provided by some environments also ausesusers to travel past their targets, as the smaller the FOV the greater the angle that usersmust turn their heads in order to see what they are walking past [66, 86℄. The geometriFOV (the visual angle depited in the virtual sene) an be set to greater than the physialFOV of the viewing devie in order to allow users to see more of the environment, but thisdistorts the view and objets appear to be smaller and further away than they atually are[66℄. A geometrial FOV of between 50o and 80o results in the greatest distane estimationauray [80℄. A restrited FOV also negatively a�ets the aquisition of survey knowledge[81℄, although previous studies onit as to whether or not this redues auray of learninga spatial layout [64℄, and FOV has no e�et on distane estimation [64℄. However, displayssuh as a CAVE allows a more natural FOV [66℄.Lak of pitorial ues and poor binoular disparity ues also degrade VE performane interms of distane estimations. Witmer et al [87℄ found that while both VE and real worlddistanes were underestimated when walking blind to a previously seen target, errors in theVE ondition were twie the magnitude of those in the real world, and they suggest thatthe ause for this may have been lak of pitorial ues and poor binoular disparity ues.2.4.5 Design Guidelines for Virtual EnvironmentsIn order to design VEs that are easy to navigate, a VE designer must be aware of the manydesign guidelines that exist, both for real and virtual environments. While it is impratialto provide an exhaustive list here, those reommendations partiularly relevant to VirtualEnvironment design are presented (more design guidelines an be found in [4℄, [23℄, [33℄,[40℄, [48℄, and [49℄, amongst others).Satalih mentions several design reommendations made by G�arling et al (1986). Navi-gational ues suh as room numbers and building names should be added to the struture,and the struture should be built to inorporate di�erentiation (the setions of a buildingshould be visually distinguishable), omplexity (right-angled intersetions, few segmentedpassages), and visual aess. Visual aess allows areas of the struture to be seen fromother areas, suh as via windows, doorways, or open ourtyards [67℄. This an be a problemfor VE designers, however, as many VR engines rely on there being only a small numberof portals in order to redue the number of polygons visible at any given moment, thusinreasing rendering speed and frame-rate.Golbek reommends plaing many landmarks in an environment. Landmarks failitateenoding and retrieval of information about spatial loations (suh as \near", \between")and an be used for maintaining orientation, diretion of movement, and for marking spatialpositions. Golbek also reommends dividing the spae into subspaes using paths andbarriers, as this \hunking" of the environment redued informational proessing demands[28℄. This oinides with the goals of the VE designer, sine many VR engines give betterperformane in terms of frame rate if only small parts of the environment are visible at anyone time.



CHAPTER 2. BACKGROUND 29Chen & Stanney [14℄ examined several �ndings relating to whether or not a regularstreet grid layout assists with way�nding. These �ndings tended to onit on this issue,and Chen & Stanney ame to the onlusion that environmental layout may have moree�et in VEs than in real environments as less spatial information is available in VEs.Vinson [78℄ presents thirteen guidelines for VE designers (more detail on these guidelinesan be found in [78℄) :1. The VE must ontain several landmarks.2. The VE should inlude landmarks from all �ve ategories (paths, suh as streets andrailroads; edges, suh as fenes and rivers; distrits, or neighborhoods; nodes, suhas ourtyards and large intersetions; and traditional landmarks, suh as statues andfountains).3. Landmarks should be made distintive by means of having signi�ant height, a om-plex shape, a bright exterior, visible signage, or unique exterior olours or textures.Landmarks an also be made distintive by surrounding them with landsaping orleaving them free standing in an otherwise rowded area.4. Conrete, familiar objets should be used for landmarks, rather than abstrat objets.5. Landmarks should be visible at all navigable sales. If a visitor an zoom in or out tosee the VE at di�erent sales, at least some landmarks should be visible at all sales.6. Landmarks must be easy to distinguish from nearby objets and other landmarks.7. The sides of a landmark must di�er from eah other, to help visitors determine theirorientation in respet to the landmark.8. Landmarks may be lustered to add distintiveness, to make sure that they are visiblefrom all angles, and to appear di�erent from di�erent angles.9. Landmarks should have a ommon harateristi whih distinguishes them from dataobjets, so that they annot be mistaken for data.10. Landmarks should be plaed on major paths and at path juntions.11. Paths and edges should be arranged to form a grid, to redue ognitive map distortions(see Setion 2.3.5).12. Landmark's main axes should be aligned with the axes of the path grid (again, toredue ognitive map distortions).13. Eah landmark's main axes should be aligned with those of the other landmarks.Ruddle et al [63℄ also reommend the use of familiar objets as landmarks rather thanolored patterns (or no landmarks) in order to improve route-�nding auray.Koh et al report a �nding by Aginsky, Harris, Rensink & Beusmans (1996) to the e�etthat environmental information in the viinity of hoie points (turns, et.) is more likelyto be retained than information at other points [43℄. VE designers who want visitors to



CHAPTER 2. BACKGROUND 30remember partiular items or environmental features should thus plae them near thesehoie points.Similarly, Ruddle et al reommend plaing loations whih VE designers want peopleto visit near landmarks or other major topologial features, or displaying these loations ona map of the VE, as visitors tend to explore VEs using landmarks as anhors [65℄.2.4.6 Maps and Other AidsMany di�erent types of navigational aids have been suggested, along with various types ofmaps. Not all of these have been found to be e�etive, however, and some have atuallybeen shown to have an adverse e�et on navigation, way�nding, and ognitive mapping.Kaplan [39℄ showed that information that was irrelevant to the environment being navi-gated was simply ignored and did not impat on ognitive mapping, while information thatwas relevant but misleading had a damaging e�et. In addition, ontour maps of a woodednatural environment generated more on�dene in way�nding ability than photorealistimaps, although this did not a�et way�nding performane.Holahan [33℄ reports on a study by D. J. Bartram in 1980, in whih partiipants wereasked to solve various route-planning tasks involving bus routes. Partiipants were givenone of four di�erent aids: an alphabetial list of bus stops; a list of bus stops in sequentialorder; a onventional road map showing the bus stops; and a simpli�ed shemati mapshowing the bus stops. The two map formats proved to be more eÆient to use than thelist formats, and the relative eÆieny di�erenes beame more distint as the omplexityof the route-planning tasks inreased.Satalih [67℄ and Chen & Stanney [14℄ report on a study on by Streeter, Vitello andWonsiewiz in 1985 whih ompared navigational aids for partiipants driving a ar througha urban environment. Partiipants were given either a reorded narrative of the route, austomized route map of the area, both a reorded narrative and a ustomized route map,or a standard road map. Those using the standard road map drove further, took moreturns than neessary, and took more time to omplete the task than the other three groups.Partiipants using the ustomized map drove further than those using the reorded narrativeand made more errors than any other group.Satalih [67℄ and Chen & Stanney [14℄ also report on a study onduted by Butler,Aquino, Hissong and Sott (1993) on the e�et of various aids on way�nding. The studyfound that the use of You-Are-Here (YAH) maps signi�antly slowed way�nding as opposedto no navigational aids, and that providing signs in the environment speeded way�nding.Signs may be detrimental to the ognitive mapping proess, however | Moeser (1988, in[67℄) reports that nurses in a hospital under study did not have survey knowledge of thebuilding even after three years of working there, and omments that several nurses reportedthat they use the signs in the building to �nd their way around and thus did not have tolearn how to get to ertain areas.In a study onduted by Satalih [67℄, partiipants guided through a VE by a path su-perimposed on the oor performed better at a spatial orientation task if they were providedwith a map of the environment. In other onditions, however, map use was detrimental tothe learning of the environment.Wikens [84℄ disusses the relative uses of �xed and rotating maps. Fixed maps aredisplayed with north at the top of the map (also known as north-up maps), and the user



CHAPTER 2. BACKGROUND 31must mentally rotate the map so that \up" orresponds to the diretion of travel. Rotatingmaps, however, automatially hange orientation depending on the orientation of the user,so that the diretion of travel is always \up" on the map, whih greatly redues the ognitiveload on the user. While it may appear that rotating maps are always the best solution,studies have shown that the relative bene�ts of eah type of map may be task dependent.North-up maps are better suited to tasks whih require loating landmarks on the map itself,as well as tasks that depend on learning the relative loations of environmental features.In addition, a �xed map supports planning and ommuniation with other users who maybe at a di�erent loation in a di�erent orientation. One solution whih may ombine themost useful features of eah type of map is to provide users with a north-up map, but tolearly indiate the forward �eld of view of the user. This solution has been experimentallyveri�ed, and provides performane as good as (and sometimes better than) a rotating map.This type of map is also reommended by Sayers et al, and has been experimentally veri�ed[68℄.Darken & Cevik [20℄ also performed a study into the uses of north-up (or �xed) andforward-up (or rotating) maps. Performane on searh tasks was measured in terms ofsearh time and number of errors, and results indiated that forward-up maps are moresuitable for targeted searh tasks (when the partiipant has seen the target before), whileperformane on naive searh tasks (when the loation of the objet is ompletely unknown)is better when partiipants are provided with a north-up map.Chase [13℄ provides several guidelines when providing You-Are-Here maps, based on astudy by Levine in 1983. Firstly, the map should be aligned with the environment | if themap has north at the top, then the visitor should be faing north when faing the map.Seondly, prominent landmarks should be visually indiated on the map. Thirdly, the mapitself should be plaed lose to a landmark to help visitors loate themselves on the map.Finally, the loation of the map itself should be indiated on the map. Levine studiedYAH maps in the New York ity area, and found that many violate even the most basiorientation priniples.Supporting this orientation alignment priniple, Koh et al [43℄ desribe a study by May,Peruh & Savoyant (1995) in whih it was shown that map misalignment (where \up" on themap did not orrespond to \forward" in the environment) redued both speed and aurayof navigation in a Virtual Environment.Chen & Stanney [14℄ present a taxonomy of navigation tools with �ve di�erent ate-gories:1. tools that display the user's urrent position;2. tools that display the user's urrent orientation;3. tools that log the user's movements;4. tools that demonstrate the surrounding environment;5. guided navigation systems.Tools in ategories 1 and 2 aid in spatial orientation tasks, partiularly when landmarksare not present. Tools in ategory 3 may be more useful for navigation analysis than fornavigational aiding, although they an also be used to display landmarks that have already



CHAPTER 2. BACKGROUND 32been visited. Tools in ategory 4 assist with spatial orientation and also ollet spatialinformation from the surrounding environment (suh as radar maps or virtual binoulars).With ategory 5 tools, visitors do not need to make their own way�nding plans, but thesetools should only be used for appliations that do not require aquisition of spatial knowledge[14℄.Ruddle et al [64℄ found that providing a ompass to visitors to a seasape VE was notsuÆient to provide global orientation information, but surmised that the ompass may havebeen used more e�etively if partiipants had been trained in using a ompass. However, aswith the ontour maps provided by Kaplan [39℄, having a ompass gave partiipants morereassurane while navigating.In a study by Darken & Sibert (1996, in [65℄), no di�erenes in searh time were foundbetween four tool onditions: no aids; a forward-up dynami YAH map that did not showthe searh targets; a grid and �ve tall landmarks visible from any position in the VE; anda ombined ondition with the map, grid and landmarks.In a later paper, Ruddle et al [65℄ disuss the relative advantages and disadvantages ofloal maps and global maps. The advantage of a global map is that the visitor an see theirglobal position at all times, whih is eÆient for random searhes, and may be eÆient fortargeted searhes if visitors an remember the approximate position of the target. However,a global map annot provide enough detail to show the position and features of small targets.With loal maps it is more diÆult for visitors to travel past the target without notiingit, but using a loal map to learn the environment may require as muh integration andunaided navigation. Using both types of maps would have the advantages of both, but mayinrease the attentional demands on the visitor.In this study, Ruddle et al [65℄ investigated the e�etiveness of loal maps, global maps,and other aids in desktop VEs. Five display onditions were used: no aids; a global map;a loal map; a global map and a loal map; and numerial oordinates and a ompass. Allmaps were dynami, north-up YAH maps whih indiated a partiipant's position, view di-retion, and movement diretion. In terms of distane traveled, partiipants in the ombinedloal and global map ondition and those in the loal map ondition performed signi�antlybetter than partiipants in the other three onditions during a searh task. During aninformed searh task (revisiting objets already found), partiipants in the ombined loaland global map ondition traveled signi�antly less distane than other partiipants, andthose in either the loal or global map groups traveled less distane than those in the no aidor oordinate-ompass groups. Orientation and diretion estimates were more aurate forthe ombined loal and global map group and the global map group than for the other threeonditions. Overall, then, the ombined loal and global map was the most e�etive displayondition. On the basis of the �ndings from this study, Ruddle et al make the followingsuggestions:� oordinates and ompasses, or similar tools suh as virtual suns, are not suitablenavigation aids unless visitors are trained to use them e�etively;� if there is spae for only one map, the optimum sale for the map depends on theusers knowledge of the VE | loal maps may be more useful for those new to theVE, while global maps are more appropriate for those familiar with the VE.Darken & Sibert [21℄ measured performane on way�nding tasks in VEs whih either



CHAPTER 2. BACKGROUND 33provided no assistane to partiipants, or assisted them by either overlaying a radial gridon the environment, providing them with a map, or providing both a map and a grid.Navigational performane was worse when no assistane was provided, and was best whenusing map priniples. The grid ondition, however, provided better diretional information.Witmer, Sadowski & Finkelstein [88℄ ompared the e�et of various navigation aids onthe aquisition of on�guration (or survey) knowledge. Partiipants were assigned to oneof eight onditions:� the standard environment with the normal �rst-person perspetive and no orientationues;� the standard environment with the normal �rst-person perspetive as well as theoption to use an aerial perspetive but no orientation ues;� the standard environment with the normal �rst-person perspetive with orientationues (suh as virtual agpoles and arrows indiating urrent heading);� the standard environment with the normal �rst-person perspetive and the option touse an aerial perspetive, with orientation ues (suh as virtual agpoles and arrowsindiating urrent heading);� the enhaned environment (additional objets and sounds) with the normal �rst-person perspetive and no orientation ues;� the enhaned environment with the normal �rst-person perspetive as well as theoption to use an aerial perspetive but no orientation ues;� the enhaned environment with the normal �rst-person perspetive with orientationues (suh as virtual agpoles and arrows indiating urrent heading);� the enhaned environment with the normal �rst-person perspetive and the option touse an aerial perspetive, with orientation ues (suh as virtual agpoles and arrowsindiating urrent heading).Orientation ues had no signi�ant e�ets on the aquisition of on�gurational knowl-edge, and neither the VE enhanements. Partiipants who used the aerial perspetive viewperformed signi�antly better on on�guration knowledge tests.2.4.7 Measuring Navigation and Way�nding PerformaneThere are three main methods by whih navigation and way�nding performane is assessed:diretion judgement, distane judgement, and auray of way�nding.Diretion JudgementDiretion judgments usually involve asking partiipants to point in the diretion of a ertainlandmark or environmental feature. Pointing to the same landmark from several di�erentloations allows for inferene about the loation of the landmark through triangulation [55℄.



CHAPTER 2. BACKGROUND 34Distane JudgementDistane judgements are generally more popular than diretion judgements. Partiipantsan be asked to estimate distanes in absolute or relative terms, or in terms of travel time[33, 55℄. The method of diret magnitude estimation may also be used, whereby a standarddistane is given for the distane between a pair of objets, and partiipants are requiredto give the distanes between other pairs of objets in terms of this distane [10℄.Auray of Way�ndingIt is also possible to measure way�nding and navigation performane by setting them severalway�nding tasks and analyzing their performane [88℄. As disussed in Setion 2.3.6, Koh etal [43℄ give several measures used to analyze way�nding performane: the number of wrongturns made, the route traversal time, the number of misidenti�ations of the destination,and the distane traveled. Rovine [61℄ rated way�nding performane on three riteria:1. whether or not the most diret route taken;2. the distane traveled to reah the destination;3. the number of turns taken to reah the building.Waller et al measured way�nding ability by means of a blinded walk, and then ountedthe number of wrong turns taken, and measured the total time taken to over the route.2.5 Spatial Abilities2.5.1 De�nitions and Basi ConeptsBishop (1980, in [83℄) desribes two types of spatial skills:� spatial visualization (suh as rotating objets in spae);� spatial orientation (suh as reognition of relationships between objets and one's ownposition, suh as is needed for navigation).Bishop then goes on to distinguish between low level spatial abilities and high level spa-tial abilities. Someone with low level spatial abilities an visualize two-dimensional shapes,but annot perform mental transformations of them, while someone with high level spatialabilities an visualize and manipulate objets in three-dimensional on�gurations. Weath-erford [82℄ also desribes two types of spatial tasks: perspetive taking, where the subjetmust mentally determine transformations if self-environment relationships that would o-ur as a result of an imagined movement of the self), and mental rotation, whih is similarbut based on the imagined movement of the environment. All four of these spatial tasksare needed for ognitive mapping and navigation, remembering and planning routes, anddrawing sketh maps and making distane and diretion estimations. In one study, Georger(1998, in [43℄) showed that sores from the Guildford-Zimmerman Spatial Orientation Apti-tude Survey (GZ) orrelated with spatial tasks suh as diretion estimation and unplannedroute seletion. In a study by Waller et al [81℄, partiipants were shown maps purposing to



CHAPTER 2. BACKGROUND 35be of a VE that they had previously explored and were asked whether eah map truly wasof the VE or not. GZ sores did orrelate with performane on this task, although they didnot orrelate with sores derived from a blind-folded walk in the real environment on whihthe VE was based.2.5.2 Measuring Spatial AbilitiesEveryday spatial ativities have been shown to orrelate with a typial objetive test ofthree dimensional spae visualization. In partiular, understanding of maths and siene,understanding of graphs and harts, skill at arranging objets, and skill at drawing, andexperiene with using hand tools were most strongly orrelated to spatial visualizationsores. Based on these results, Lunneborg & Lunneborg have developed a self-report ques-tionnaire whih measures everyday spatial ativities (the Everyday Spatial Ativities Test,or ESAT), and have found that it orrelates with seven pre-ollege variables: high shoolEnglish GPA (ENGPA) and mathematis GPA (MTGPA), Voabulary and QuantitativeComposite Sores (VC and QC), Spatial Ability sore (SA), Mehanial Reasoning sore(MR), and all-ollege �rst-year predited GPA (PGPA). The ESAT onsists of 20 itemsrepresenting 4 di�erent fators | use of hand tools, maths/siene ourses, arranging ob-jets, and mehanial drawing. Eah item asks the partiipant to rate how good they areat ertain everyday ativities, on a sale from 1 to 5 (1 being very bad, and 5 being verygood). A total spatial abilities sore is obtained by simply adding together the ratings foreah of the 20 questions.2.5.3 Fators a�eting Spatial AbilitiesGender is a major fator a�eting spatial abilities, both pereived and real. In a study byLunneborg & Lunneborg [46℄ ollege men onsistently overestimated their everyday spatialabilities as ompared to ollege women. These higher self-ratings may be related to greaterexperiene in maths and siene, as pratie and ability in everyday spatial abilities wereequally strongly orrelated for both men and women. In addition, objetive spatial abilitytest performane was more strongly related to mathematis preparation for women thanfor men. Satalih [67℄ found gender di�erenes in spatial abilities as measured by theGuildford-Zimmerman Spatial Orientation Aptitude Survey.Mathematis abilities have been shown to orrelate with spatial abilities (Smith, 1964in [83℄), and evidene suggests that this relationship holds for both low level and high levelspatial abilities [83℄. Both maths and siene teahers tend to be more suessful on theDi�erential Aptitude Test than those in the humanities or soial sienes (Martin, 1967-68in [83℄).Age also orrelates with spatial abilities. Children not yet in the �fth grade �nd theperspetive taking and mental rotation tasks desribed above diÆult to perform, and adultsaged 20 perform better on these tasks than adults aged 60 to 70 [82℄.As spatial abilities are important to ognitive mapping, and these fators (gender, math-ematis ability, and age) a�et spatial abilities, this researh studies the e�et of thesefators diretly on ognitive mapping (see Chapter 5).



Chapter 3The Spatial Learning Method3.1 The Conept of Spatial LearningThe idea behind the spatial learning method ows logially from the ognitive mappingtheory presented in Setion 2.3. A person an explore a physial environment and learnwhere ertain landmarks are in relation to eah other, the approximate distanes betweenthem, and the route that needs to be followed to travel between them, all without evenbeing aware of it. So, by designing an environment where the landmarks are physialrepresentations of data items and these landmarks are plaed in aordane to some setof relationships between them, someone exploring this environment should be learning notonly the spatial relationships between the data points but also the relationships that thespatial ones represent. In other words, by setting up data relationships in a spatial form,and using this spatial form as the basis for the layout of an environment, someone wanderingaround in this environment is learning both the spatial form and the original set of datarelationships without even being aware of it.As a very simple example, onsider a timeline of the history of life on earth: 2,500million years ago, single-ell animal life began to appear in the seas; 690 million years ago,sponges and jelly�sh began to appear; 470 million years ago the �rst �sh appeared, and35 million years later sharks appeared; 370 million year ago amphibians began to appear,and 200 million years ago the age of the dinosaurs began. The �rst mammals and birdsappeared 195 million years ago, and 65 million years ago the dinosaurs beame extint; 15million years after that rabbits and rodents appeared, and from then it only took 10 millionyears for early primates to appear. These large amounts of time are diÆult to omprehend,and a diagram an help to show the time di�erenes by presenting them visually. Suh adiagram is shown in Figure 7. This diagram an form the basis for a very simple VirtualEnvironment, where the types of life that appeared at eah stage ould be represented bya virtual animal, and the visitor ould subonsiously learn the length of time between thedi�erent types of life appearing, the order in whih the di�erent animals appeared, andwhih types of life began appearing at approximately the same times.As another example, a family tree ould be used as the basis for the layout of a VE.Parents ould be linked by a East-West passage, with a North-South passage linking themto their hildren. The distane between family members would indiate how losely theywere related, and the exat nature of the relationship would be indiated by the route taken36
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Figure 7: A diagram showing the hronologial relationships between ertain events inprehistory.to travel between them.3.1.1 Spatial Learning in Virtual EnvironmentNaturally, these environments would need to be reated as Virtual Environments ratherthan as physial environments. This raises the issue of whether the ognitive mappingtheory desribed in Setion 2.3, on whih the spatial learning onept is based, applies tovirtual as well as real environments. Virtual environments di�er from real environmentsin that they lak many of the physial ues normally available (see Setions 2.1, 2.3.3 and2.3.5). VEs also su�er from other limitations, as desribed in Setion 2.4.4.There are few studies that fous diretly on the issue of ognitive mapping in virtualenvironments | Chen & Stanney [14℄ present a theoretial model of way�nding in VirtualEnvironments based on real world ognitive mapping theory, but do not seem to have anyexperimental validation of it as yet. However, there are many studies that look at way�ndingand navigational behaviour in Virtual Environments, summarized in Setion 2.4.3. Whilethe onlusions of these studies do onit, it appears as though it is reasonable to assumethat users do form ognitive maps of virtual environments. This assumption will, however,be tested in this researh.Both the referenes quoted above (relating to Virtual Environments) and those quoted inSetion 2.3.5 (relating to real environments) warn that ognitive maps do ontain distortionsof spatial properties of the environment. This is of partiular onern when the spatialproperties are atually data properties and must be remembered aurately. However,



CHAPTER 3. THE SPATIAL LEARNING METHOD 38understanding the types of distortions and the reasons why they our (Setion 2.3.5) aswell as areful design of environments aording to the guidelines provided in Setion 2.4.5should help to eliminate most of the distortions. In addition, when the auses of thedistortions are understood, virtual environments an be built not only to overome thesedistortions, but to atually make use of them. For example, roads with lots of angles aregenerally pereived as being longer than straight roads of equal length (Sadalla & Magel,1980, in [4℄, and [9℄). Two objets an thus be plaed lose together, but joined via awinding route to give the impression of a greater distane.If these potential diÆulties are overome, and the spatial learning method an beshown to be an e�etive way of teahing data sets and data relationships, then there are awide range of situations in whih it an be used, for example teahing aids at shools, as atraveling show (visiting shools, shopping enters, and suh plaes), at exhibitions and fairs.The onept of Virtual Reality attrats many people who would not attend a presentationor look at a poster, and this attration an be used to teah both adults and hildren in anenjoyable setting that nonetheless has lasting results.3.2 Related MethodsThe spatial learning method is di�erent to onventional visualization in that users of sien-ti� visualization are usually experts in their �eld [32℄. Visualization aims to provide insightinto omplex phenomena, and to allow users to make inferenes from the data provided. Itis often used for transitory, hanging data, and the user stands apart from the data. Thespatial learning method, however, an be used to display many types of data for whihvisualization is not normally required (for example, the order of the planets in terms ofdistane from the sun), an be used by hildren and those with no knowledge of the subjetbeing presented, and is primarily onerned with helping users understand and rememberrelationships between data items. Users are immersed in the environment reated by thedata, and are physially surrounded by objets as large as they are. The spatial learningmethod an be used for dynami, hanging data, but is useful mainly for stable data.The spatial learning method is thus more similar to other spatial memory tehniquessuh as the method of loi. This is the oldest known method of using spatial loationsto remember data, and was originally used by students of rhetori in Anient Rome whenmemorizing speehes. To use it one must �rst memorize the appearane of a physialloation (for example, the sequene of rooms in a building). When a list of words, forexample, needs to be memorized, the learner visualizes an objet representing that word inone of the pre-memorized loations. To reall the list, the learner mentally \walks through"the memorized loations, notiing the objets plaed there during the memorization phase[6, 83℄. Of ourse, using a familiar loation as the starting point avoids the extra step ofmemorizing the physial loation [83℄.Another memorization tehnique based on spatial properties is the spatial arrangementmnemoni. Studies show that lists of words are more easily remembered when they arearranged in a distintive spatial pattern than when they are presented as a list, and thatwhen students used a link mnemoni to memorize these lists they realled signi�antly morewords than those who memorized them using onventional tehniques [6℄. For example, the
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Figure 8: These six words are easier to remember when arranged in a distintive patternthan when presented as a list.list of words \Apple, Chart, Quantum, Planet, Proess, Entertain" is muh easier to re-member when arranged in a distintive pattern as in Figure 8. This is similar to the oneptof diagramming, where related onepts are expliitly onneted and the graphi represen-tations rely on spatial metaphor to onvey information. Suh representations provide theneessary guidane for using imagery to remember abstrat relationships [83℄.Array memorization and manipulation an also be aided by spatial thinking. An arrayof items inherently ontains spatial information about the items, and learning an array anbe thought of as memorizing a tiny environment [83℄. This onept is very similar to that ofthe spatial learning method, although that inludes elements of the method of loi in thatwhen realling the loations of objets, one an piture oneself atually walking throughthe spae.In a study on abstrat searh spaes, Stubkj�r [74℄ brings together several oneptswhih, ombined, are similar to those behind the spatial learning method. He ommentsthat an analogy an be made between onept maps and road maps, "with onepts orre-sponding to ities", and desribes a way�nding metaphor for navigating in abstrat searhspaes where, for example, �le strutures ould be presented to the user as plaes in a land-sape. He also desribes a rooms metaphor where rooms might represent parts of a database.However, rather than interpreting these metaphors literally, as the spatial learning methoddoes, Stubkj�r reates another level of abstration by using these representations as anintermediate step in the proess of onverting the abstrat spaes to graphs and diagrams.3.3 Charateristis of Suitable Data SetsAny data set that an be represented as a diagram an be onverted into a spatial layout,and thus into a Virtual Environment. However, data sets with ertain harateristis aremore likely to be suessful:� The data set must not have too many items, but also not too few. The more itemsthere are the more omplex the environment beomes, and the more time is needed



CHAPTER 3. THE SPATIAL LEARNING METHOD 40not just to travel through it, but also to traverse it often enough to build a ognitivemap.� The data items should be all be of the same type. Data sets representing an \is a"relationship (suh as taxonomies) an be represented as diagrams (see the example inFigure 9(a)), and of ourse an then be onverted into a spatial layout for a VE, butthe true nature of a taxonomy is that of enlosure rather than that of a hierarhy (asin the alternative diagram of Figure 9(b)). This nature is diÆult to onvey whenusing a linear spatial form.� The relationships within the data set should not be diretly spatial. Spatial relation-ships an of ourse be represented in a Virtual Environment, but learning suh anenvironment is straightforward ognitive mapping and as suh does not really use thespatial learning method.� It is preferable for the data relationships to form a graph rather than a tree. Thisallows for a more omplex environment, as a graph has more ross-onnetions than atree, and allows for bi-diretional movement (a tree generally implies a single diretionof movement down the tree, and not up-and-down movement as the user explores theenvironment).� Timelines are in general not well suited to the spatial learning method, as they tendto be very linear and lead to an environment onsisting of only one path. They alsodo not allow for up-and-down movement along the timeline.� The data set should be stati. Ative data sets are possible, but the geography ofthe VE would have to be hanged on the y, whih urrent tehnology does not yetsupport to any great extent. In addition, it is diÆult to build a ognitive map of aonstantly hanging environment.� While not essential, the items in the data set should preferably have a natural 3Dgraphial representation. This allows the user to immediately identify the objets inthe environment with the items in the data set. If a 3D representation is not possible,a 2D representation an be plaed on the walls of the environment.� The spatial method works best when the length of the edges in the graph representingthe data set are signi�ant. This uses the true power of ognitive mapping, where notonly the relative positions of the objets in the environment are important, but alsothe distanes between them. By representing suh distanes in a VE, and foring theuser to walk along them, the user gets a more viseral feeling for the distanes thanwhen looking at a diagram.The data set used in this researh displays many of these harateristis, and is desribedin Setion 4.3.3.4 Potential AppliationsThere are many types of data sets that exhibit the harateristis detailed above, and thusmany potential appliations for the spatial learning method. Some examples are:
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Figure 9: Two diagrams representing an \is a" relationship. Figure (a) shows the relation-ship drawn in a hierarhial form, while Figure (b) shows the relationship's true nature asan enlosing relationship.� Similarity Graphs. Consider a group of omposers. Composer A's musi is similar tothat of omposer B beause they both write musi for string instruments. ComposerA's musi is also similar to that of omposer C, beause they reate martial musi,although omposer C writes for the piano. Composer D also writes for the piano, butreates the same type of musi as omposer B. Then A is similar to B and C, but notto D. B is similar to A and D, while C is similar to A and D but not similar to B. D issimilar to B and C. This is ompliated to explain in words, but an be easily shownusing a similarity graph (as in Figure 10, whih an then easily be onverted into aVE, where the omposers are represented by objets within a room, and the passagesbetween the rooms represent the similarity linkages on the diagram.� Proesses. Proesses an also be learned using the spatial learning method, althoughthey are not entirely suited to the method as they imply a ertain time diretion andthus an exploration diretion. Ations an be represented as rooms, and hoie pointsan be represented by a room with more than one exit (eah exit orresponding toone of the hoies). The length of the path between rooms ould orrespond to theamount of time that passes before the next ation must be made or the next hoiemust be taken. Pipelining (for example, a CPU pipeline) an also be represented inthis way, with eah lok yle being represented by a room within whih the variousativities are represented, and a passage whih leads to the next room (i.e. the start ofthe next lok yle). Delays in the pipeline ould be represented by longer passages.� Trust Networks. Trust networks are similar in form to similarity graphs, but the links
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Figure 10: A similarity graph as desribed in Setion 3.4. A link between two items impliesthat they are similar in some way.between data items represent trust rather than similarity. Trust relationships are ofpartiular importane in network seurity, suh as in GNY analysis [30℄.� Routing Graphs. Network routing tables an also be represented spatially. The visitorto the VE takes on the role of a paket traveling through the network under variousnetwork onditions, and experienes how the route may hange depending on loadand node onditions. This type of appliation may be better suited to a passive toursenario, where the visitor is guided through the environment on a set path at a �xedspeed, rather than a free exploration senario.� Inuene Graphs. Inuene graphs are again similar to trust networks and similaritygraphs, exept that the \Inuenes" relation is transitive. Suh data sets an beonverted to a VE in muh the same way as similarity graphs.� Hierarhies. Hierarhies suh as family trees an also be easily onverted to a VirtualEnvironment. Family members are represented by rooms (possibly with a photo onthe walls indiating the partiular family member represented by that room), North-South passages represent \hild of" relationships, and East-West passages representmarriages.� Ative Visualization. A di�erent type of appliation is that of ative visualization, forexample of network bandwidth. The nodes of the network ould be represented byrooms in the VE, while the passages of the VE represent the bandwidth between thevarious nodes. The length of the passages would indiate the amount of bandwidthurrently available between any given pair of nodes. The VE ould dynamially reetthe urrent onditions, although ertain problems then arise (as desribed in Setion3.3 above). Alternatively, the VE ould represent a summary of the day's onditions,suitable for presentation to supervisors or others who need an overall piture of theonditions rather than a moment-by-moment aount.3.5 Non-linear Spatiality3.5.1 Potential AppliationsThe examples given so far have all involved only one type of relationship between dataitems. However, intriate data sets may well have two or more sets of relationships that



CHAPTER 3. THE SPATIAL LEARNING METHOD 43need to be desribed. For example, an environment representing the solar system shouldrepresent distane from the sun, the size of the planets, and their relative gravities. It isvery diÆult to draw a single diagram showing all three relationships simultaneously, asplanets whih would be lose together in terms of one relationship need to be far apart interms of another. Virtual reality provides a solution to this problem, so that environmentsbased on these relationships an be built even though they annot be diagrammed. Thisis made possible through the use of items like teleports, whih an transport visitors toanother loation in the VE instantaneously. A study by Ruddle et al found that the use ofteleports redued the auray of learning the spatial environment [62℄, but these problemswould only apply when visitors are expeted to infer the struture of the environment asit would have been without any teleports. With the spatial learning method, the teleportsare used to reate a new environment, with new spatial properties de�ned by the teleportsthemselves. The struture to be learned by partiipants is this new environment.3.5.2 ExamplesEven data sets with just one relationship an be diÆult to draw diagrammatially. As anexample, onsider a group of four painters. Painter A is similar to painter B, beause theyboth use oils. Painter B is similar to painter C, beause they both paint the same type ofsubjets, and painter C is similar to D, beause they both use similar subjets and use thesame types of olours. Painter A is similar to painter D, beause they both use oils. Thefollowing relationships then apply:� A is similar to B and D, but not C;� B is similar to A and C and D;� C is similar to B and D, but not A.A similarity graph an be drawn, as in Figure 11. The -//- symbol indiates that thelink is atually shorter than it is drawn, and in a VE this would be implemented by meansof a teleport. This graph ful�lls all the similarity onditions that were presented:� A is similar to B and D, but not C: only one step is needed to get to B and D fromA, but 2 are needed to get to C;� B is similar to A and C, and also D: only one step is needed to get to eah of A, C,and D from B;� C is similar to B and D, but not A: only one step is needed to get to B and D fromC, but 2 are required to get to A.As a more ompliated example, with multiple relationships, onsider a solar systemwith �ve planets: Alpha, Beta, Gamma, Delta, and Epsilon. That is the order in whihthey our in terms of distane from their sun, with the planet nearest the sun at the top ofthe list (i.e. Alpha). They are all an equal distane away from eah other (2 light-minutes).Alpha has 2 moons, as does Gamma; Delta has 3 moons, and Epsilon and Beta both have5 moons. Alpha and Delta both have a gravity of 1g, Epsilon has a gravity of 2g, Gammahas a gravity of 4g, and Beta is a very dense planet with a gravity of 6g.
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Figure 11: A similarity graph whih is diÆult to draw diagrammatially. The lines rossedby two diagonals lines need to be shorter than they appear.We an then draw a similarity graph, as in Figure 12. As before, the -//- symbolindiates that the link is atually shorter than it is drawn.The power of a virtual reality an be used to reate a single environment that exhibitsall these inompatible spatial requirements. The environment ould based on the \distanefrom the sun" relationship, with the solid blak lines in the similarity graph showing thepaths between the planet loations. To add in the \number of moons" relationship, ateleport ould be plaed between Alpha and Gamma, and between Beta and Epsilon. A pathbetween Gamma and Delta ould then be added. To onnet Delta and Epsilon, either alonger, loopy path between Delta and Epsilon (twie the length of the path between Gammaand Delta) ould be added, or an invisible teleport ould be plaed on the Delta-Epsilon pathto move partiipants to another, disonneted setion of path, and plae another invisibleteleport at the end of that path to bring them bak to Epsilon. Similar tehniques ouldthen be used to add the \relative gravities" relationship.Commingling all these paths and relationships, however, would probably be very on-fusing to partiipants, instead of allowing them to build up a lear piture of where thingsare and how they are related spatially. In a system like this one, therefore, we would needto make lear whih path is part of whih relationship. The \number of moons" pathsould be deorated with moon-type pitures, for example, while the paths belonging tothe \gravity" relationship ould be deorated with a weight/mass motif. Alternatively, the\number of moons" paths ould be surfaed with a texture resembling moon dust, ompletewith simulated raters. The partiular method used is merely super�ial; the true aim issimply to distinguish between the relationships and remind the partiipant whih one theyare urrently traveling.
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Figure 12: A similarity graph representing three relationships simultaneously. The lengthsof eah link are indiated in terms of generi units. The solid lines in the middle indiate therelative distanes from the sun, the dashed lines on the left indiate the relative gravities,and the dashed-dotted lines on the right indiate the relative number of moons.3.5.3 Issues with Non-linear SpatialityThere are several issues with reating environments using non-linear spatiality. Firstly, itis very diÆult to reate a map showing all the relationships simultaneously, and any suhmap is more likely to onfuse visitors than help them �nd their way around. It mightbe better to reate a map for eah relationship, and automatially swith between themdepending on whih path the visitor is traveling.A bigger problem is that of potential memory ontamination. It seems likely that visitorswould form a single ognitive map of the environment, ontaining all the relationships,rather than forming a separate ognitive map for eah relationship. The ognitive mappingproess may have diÆulties in dealing with the inompatible spatial properties as thesedo not our naturally, and the result may be onfusion as to where the data items ourwithin whih relationship.In addition, while some VR engines do support teleports, non-linear spatiality would re-quire undetetable teleports as well as teleports that an hange their destination dependingon whih path the user approahes them on. This should not be diÆult to program, andan ertainly be implemented in the near future, but urrent VR engines do not supportit. Authoring tools are also an issue, in that the planning and reation of environmentsexhibiting non-linear spatiality will be fundamentally di�erent to that of normal, straight-forward environments. While it should be possible to use urrent authoring tools to reatenon-linear environments, it will be a diÆult proess and the development of authoringtools to support this type of design will be a great advantage.



Chapter 4Experiment Design andMethodology4.1 Areas of InterestThree studies were designed to investigate the three areas of interest in this researh de-sribed in Chapter 1: namely, issues related to ognitive mapping in Virtual Environments(VEs); issues related to the feasibility of the spatial learning method; and the psyhologialimpat of VEs and spatial learning on the user.Conduting exploratory studies into these three areas will help in forming a reommen-dation not only as to whether the spatial learning method is feasible, but also whether it isapable of replaing onventional learning methods for ertain types of data sets. If visitorsto a VE an form a ognitive map of the environment, an translate this to understandthe underlying data set (at least as well as during a onventional presentation), and have apositive emotion set as a result of the experiene, then the spatial learning method an bereommended as a tool for teahing data sets.4.2 Study DesignThe aims of the three studies are presented in Setion 1.3, and repeated along with their�ndings in Chapter 5 (for Study 1), Chapter 6 (for Study 2), and Chapter 7 (for Study3). Briey, though, Study 1 explored issues relating to ognitive mapping in virtual envi-ronments, Study 2 investigated the eÆay of the spatial learning method and omparedthis to learning via a onventional presentation of the data set, and Study 3 explored thepsyhologial e�et of VEs and the spatial learning method on partiipants and omparedthis e�et to that of a onventional presentation of the data set.The three studies were runon �ve di�erent onditions:1. A VR presentation of the data set, by means of an immersive Head Mounted Display(HMD) system with a map of the VE;2. A VR presentation of the data set, by means of an immersive HMD-based systemwithout a map; 46



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 473. A VR presentation of the data set, by means of a desktop system with a map;4. A VR presentation of the data set, by means of a desktop system without a map;5. A onventional leture presentation of the data set.Study 1 was performed on groups 1 to 4 (the VR groups), and followed the proeduredesribed in Setion 4.4.6.Study 2 was performed on all �ve groups. The VR groups followed the proeduredesribed in Setion 4.4.6 and the onventional presentation group (group 5) followed thatdesribed in Setion 4.5.2Study 3 was again performed on all �ve groups as in Study 2. However, a partiularpsyhologial e�et | that of the sense of presene | is spei� to VR and thus was onlyanalyzed for the VR groups.The studies all used the same data set (desribed in Setion 4.3), and where relevant,the same VE based on this data set (desribed in Setion 4.4). The VR portions of allthree studies were run onurrently on a single set of partiipants (see Setion 4.4.6 for VRpartiipant details).4.3 Data Set4.3.1 DesriptionThe data set hosen for this set of studies was drawn from Greek Mythology, and formsa subset of the family tree of the Greek gods. It ontains 24 Greek gods, and 32 linksbetween them. Eah god is assoiated with an image, representing either the god's primaryattribute or some other feature of the god (suh as a distinguishing event in their history,or a partiular interest of theirs). For example, Zeus was represented by a lightning bolt,his attribute (see Figure 13), while Leto was represented by a palm tree, the site of thebirth of her son (see Figure 14), and Hestia, the goddess of the hearth, was represented by aooking �re (see Figure 15). The image was supplied to help partiipants visually distinguishbetween the gods, and, in ases where the names are diÆult to spell and pronoune, toserve as a easier-to-remember representation of the god.A diagram of the family tree is given in Figure 16. It is important to note that thereare four types of relationships between data points:� A horizontal link indiates that the two gods onneted by the link had hildrentogether. This type of link is shown in the top left orner of Figure 17, and anexample is the link between Coeus and Phoebe in the diagram of the family tree(Figure 16).� A vertial link (sometimes angled slightly) emerging from a horizontal link indiatesthat the god at the end of the vertial link was a hild of the two gods onneted bythe horizontal link. This type of link is shown in the top right orner of Figure 17,and an example is the link to Epimetheus in the diagram of the family tree (Figure16).
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Figure 13: The image assoiated with Zeus was that of a lightning bolt, his attribute.

Figure 14: The image assoiated with Leto was that of a palm tree, representing the site ofthe birth of her son.
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Figure 15: The image assoiated with Hestia was that of a ooking �re, as she was goddessof the hearth.� A vertial link emerging from a data point indiates that the god at the bottom endof the vertial link had as its only parent the god at the top end of the vertial link.This type of link is shown in the bottom left orner of Figure 17, and an example isthe link between Epimetheus and Dione in the diagram of the family tree (Figure 16).� A diagonal link oming from the horizontal link to the same data point as the hor-izontal link indiates that the god at the dual end of the link was both a hild ofand a partner to the god at the other end of the link. This type of link is shown inthe bottom right orner of Figure 17, and an example is the link between Gaea andUranus in the diagram of the family tree (Figure 16).4.3.2 Features of Data SetThis data set was hosen for these studies beause it ful�lls many of the requirementsgiven in Setion 3.3 of Chapter 3 . The data points are all the same type of objet, therelationships between data points are not diretly spatial, it forms a stati data set, and thedata points an be represented graphially. The original family tree had far too many datapoints and relationships, but this was redued to a manageable level. While the data set isin a sense a tree, whih is not stritly desirable in data set, it also forms a graph: �rstly, anypath through the data set is bi-diretional (visitors are not restrited from going bak upthe tree, or \bakward in time"), and seondly, there are more ross-onnetions betweendata points than is stritly allowed in a tree (the \had hildren together" link ould not bepresent in a data set whih was stritly a tree).The data set also makes use of several ognitive mapping priniples. For example, theRotation E�et (Setion 2.3.5 in Chapter 2) allows us to have passages whih are angled
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Figure 16: A subset of the family tree of the Greek gods, the data set used for this set ofstudies.
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Figure 17: The four types of relationships between data points.slightly, sine visitors will mentally align them with both the ardinal diretions and thenon-angled passages around them.One limitation of the data set is that it does not exhibit non-linear spatiality. Due tothe diÆulties desribed in Setion 3.5.3 (in Chapter 3), inluding non-linear spatiality inthis �rst study of the spatial teahing method would ompliate both the study and theinterpretation of the results. If this study proves to be enouraging towards the spatialteahing method, then further studies should ertainly be performed to test the viability ofinluding non-linear spatiality in the method.4.4 Virtual Reality Presentation of Data Set4.4.1 EnvironmentThe layout of the virtual environment was based diretly on the family tree presented inSetion 4.3.1. The data points (for this data set, the Greek gods) were modelled physiallyas rooms, while the relationships between data points (the relationships between familymembers) were modelled as passages. Vertial links (i.e. parent-hild links) were representedby North-South passages, while horizontal links (i.e. partnerships) were represented byEast-West passages. The top-down view of the environment is thus the same as the familytree given in Figure 16.The entire sene was set as a hedge maze in an outdoor environment (for modelling pur-poses, this was all ontained within a larger enlosure). Textures were hosen appropriatelyto this setting: passage walls were textured with a plant hedge-type texture, while a textureresembling wooden planks was applied to the room walls. This helped to distinguish be-tween the two areas. A sand-like texture was applied to oor, and a perspetive-orretedsky texture was applied to the enlosing walls and eiling. The sky texture inluded a
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Figure 18: A sreenshot of the VE, showing the di�erent textures applied to surfae features.The hedge texture was applied to passages, and the wood texture to rooms. The entire VEwas enlosed in a box whih was textured with a perspetive-orreted sky.virtual sun, whih did not ast shadows but did serve as a referene point to help with navi-gation, and mountains were inluded on the wall-setions of the sky texture, also helping innavigation by serving to visually di�erentiate between di�erent view angles. These types ofnavigational aids were reommended by Ruddle et al in [65℄. Figure 18 shows a sreenshotin whih these features are visible.Boxes textured with eah god's name and image were plaed in the appropriate rooms,as in Figures 13, 14, and 15. These \posters" were onsistently plaed at eye-level on east- orwest-faing walls (rather than on the wall faing the passage, whih varied between all fourardinal diretions) in order to minimize onfusion about the orientation of the partiipants.Numbered tokens were plaed in twelve of the twenty-four rooms, in aordane withthe diagram in Figure 19. The positions of the tokens were seleted to maximize thepartiipant's exploration of the VE, and also to maximize the number of tokens that theywould ome aross before seeing the tokens earlier in the numeri sequene (for example,before seeing token 8, we would like them to have already seen as many of tokens 9, 10, 11and 12 as possible. See Setions 4.4.4 and 4.7.5 for more details on why this was neessary).On ativation, a token would rise up into the air on a pole, high enough that it ould beseen from a distane, thus beoming an additional navigational referene. Figure 20 showsan unativated token in the foreground, with an ativated token in the bakground.Appropriate bakground noises (suh as wind and birdsong) were played over earphones,and virtual footstep noises were generated in synh with the partiipant's walking motionwithin the VE. In addition, a sound was played when tokens were ativated so as to give
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Figure 19: A top-down map of the VE, showing the loations of the numbered tokens.some auditory feedbak.4.4.2 Movement and InterationControlling movement within the VE di�ered for the HMD and desktop-based onditions.For the desktop system, movement was ontrolled via the mouse and keyboard; in the HMDondition, movement was ontrolled by motion trakers and a button devie.Navigation in the desktop ondition was aomplished through the mouse and keyboard.The mouse was used to ontrol the view diretion (see Figure 21), while the W,A,S, andD keys were used to ontrol the atual movement. These four keys are ommonly used forthis type of navigation, as they form a \?" shape on whih the �ngers an rest omfortably.For all four keys, movement ours while the key is held down, and stops when the key isreleased. The W key is used to ontrol forward movement, where forward is de�ned as \inthe view diretion"; the D key is used to ontrol bakwards movement, (i.e. in the oppositediretion to the W key); and the A and S keys are used to ontrol sideways motion, in a\side-stepping" fashion | the A key allows the partiipant to move perpendiular to theview diretion, leftwards, while the S key allows the partiipant to move perpendiularlyrightwards. In addition, the F key was used to ativate tokens, and the M key was used totoggle the map display on and o� (in the map onditions only).Navigation in the HMD ondition was ontrolled through the use of head-trakers anda ustom-made handheld button devie. The head-traker was attahed to the HMD itself,and ontrolled the view diretion of the partiipant. The button devie was a simple ylin-drial objet with 4 push-buttons built into it. The buttons were arranged ergonomially onthe ylinder in order to allow easy aess to eah button (see Figure 22). Buttons marked1 and 2 ontrolled forwards and bakwards movement respetively (plaed to be pressed
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Figure 20: A sreenshot of the VE, showing a room ontaining token number 6, withativated token number 5 in the bakground. Also visible is the poster showing the god'sname (Gaea) and image (the Earth).by thumb and fore�nger), while button 3 ontrolled the ativation of tokens. Button 4toggled the map display on and o� in the map ondition, and was inative in the non-mapondition. As with the keyboard method of movement ontrol, movement ourred whilethe button was held down, and stopped when the key is released. The ontrol method usedwas therefore similar to the \Real Turn" mode used by Chane et al [12℄, where rotationsare aompanied by visual, vestibular, and proprioeptive information, while translationsare aompanied only by visual information.4.4.3 MapsA map of the environment was supplied to half of the partiipants in the VR onditions.The map was derived from the top-down view of the environment, and ould be toggledon and o� as desired. For the desktop onditions, the map was displayed on the top-leftorner of the sreen. When preparing for the HMD onditions, however, it was found thatbeause of spherial distortion on the orners of the HMD display it was not possible to seethe entire map when it was situated in the orner. It was thus moved horizontally to theenter of the sreen, while staying at the same vertial position.Both the position and orientation of the partiipant displayed on the map, in aordanewith the map priniples presented in Setion 2.4.6. The orientation was indiated by an
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Figure 21: Controlling the view diretion with the mouse: moving the mouse left/rightontrols the yaw rotation; moving the mouse up/down ontrols the pith.arrow whih pointed in one of four diretions: north, south, east, or west. If the partiipant'sorientation was between 135Æ and 225Æ, then the arrow would point east; if it was between225Æ and 315Æ, it would point south; and so on. The position was indiated by the positionof the arrow on the map. Both position and orientation were updated in realtime.The map did not indiate whih gods were assoiated with whih room, nor did theyshow the loation of unativated tokens. However, one a token was ativated, its numberwould appear in the relevant position on the map, serving as another navigational aid.Figure 23 shows a sreenshot in whih the tokens 1 and 2 have been ativated and thusappear on the map.4.4.4 TaskPartiipants would have to spend a reasonable amount of time in the Virtual Environmentin order to build up a ognitive map of the virtual spae. In addition, they would have toexplore the environment fully in order to ement their ideas of where things are in relation

Figure 22: Controlling movement with the head-traker and button devie: the trakerontrols pith and yaw, while buttons 1 and 2 ontrol forwards and bakwards movementrespetively. Button 3 ativates tokens, while button 4 ativates the map.
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Figure 23: A sreenshot of the desktop VE, showing the map supplied to some partiipants.Tokens 1 and 2 have been ativated and appear on the map. Also note the arrow indiatingthe partiipant's position and orientation.to eah other. To failitate these two goals, they were given a task to perform in the VE.Twelve numbered tokens were plaed in various loations throughout the environment, andthe partiipants had to �nd and ativate these tokens in numerial order. A token ouldonly be ativated if all the tokens before it had already been ativated, and the partiipanthad to be within lose range to the token. In the map onditions, the loations of ativatedtokens appeared on the map, but the loation of tokens as yet not ativated remainedunknown, as in the non-map onditions.The task thus required partiipants to take note of loations of objets in the VE, andto return to those loations when required. This failitated the reation of the way�ndingmeasure (see Setion 4.7.5), whih is another method of aessing the partiipant's internalognitive map of the environment.4.4.5 EquipmentThe desktop onditions were run on two desktop-based system, eah with a 700Mhz AMDAthlon with a GeFore 2MX graphis ard with 32Mb of onboard RAM, and a 17" monitor.The virtual environment was displayed at a resolution of 1024 x 768. The frame rate variedslightly depending on the amount of the environment visible at the time, but was in general



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 57above 20fps. Stereo headphones were used to blok out external noises, and also to allowthe virtual noises to be heard.The HMD onditions were run on a 700Mhz AMD Athlon system with a Matrox G400graphis ard to allow for dual-head display. The HMD itself was a V6 from Virtual Re-searh, whih has dual 1.3" diagonal Ative Matrix Liquid Crystal Displays, and supportsa resolution of 640 x 480 with 307,200 olor elements and a diagonal physial FOV of 60Æ. The interpupillary distane was adjusted for eah user. The trakers were Flok of Birdsmagneti trakers used in position mode, where they have range of 3.05m and a stati a-uray of 1.8mm RMS and a stati resolution of 0.5mm at 30.5m. Again, the frame ratevaried slightly, but was generally about 12 fps. Partiipants using the HMD were seated ona swivel hair, so as to redue the risk of tripping over ables while still allowing easy 360Ærotation.The graphis engine used was the opensoure engine Genesis3D, with onsiderableustom-added funtionality, inluding that for stereo.4.4.6 ProedurePartiipants were paid volunteers and were reruited by means of posters plaed aroundampus. Partiipants signed up for one of the available experiment slots, whih, unknownto them, were assigned to one of four onditions:� Desktop system with map;� Desktop system without map;� HMD system with map;� HMD system without map.Partiipants were not aware of onditions other than their own. The desktop onditionswere run �rst, with the HMD onditions following a few weeks later. Oasionally parti-ipants failed to turn up for a session, and slot/ondition assignments were juggled so thatthere remained an equal distribution between those provided with a map and those withoutfor eah display ondition. In total, 33 partiipants took part in the VR portion of theresearh.Within the desktop onditions, two of the twenty subjets did not omplete the sessiondue to simulator sikness, leaving 18 partiipants (9 per map/no map ondition) , whilewithin the HMD onditions �ve of the thirteen subjets dropped out of the study due tosimulator sikness, leaving only eight subjets (one of whom felt the e�ets of simulatorsikness, but not strongly enough to withdraw from the study). This means that there wereonly 4 subjets per map ondition within the HMD ondition. In other words, partiipantdistribution between the four groups was:1. Desktop system with map | 9 partiipants;2. Desktop system with no map | 9 partiipants;3. HMD system with map | 4 partiipants;4. HMD system with no map | 4 partiipants.



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 58Low sample sizes are, in general, a ause for onern when using standard statistialanalyses. For this reason, this study makes use of nonparametri statistis. More details aregiven in Setion 4.8, but nonparametri methods make fewer and less stringent assumptionsabout the population, thus allowing smaller sample sizes [27℄.Upon arriving for their session, partiipants were given a very brief introdution to thestudy, and were shown the equipment they would be using. They were given an opportunityto pratie moving around in a training VE, during whih they were instruted on how touse the ontrols relevant to their equipment (mouse/keyboard or traker/button devie),how to ativate tokens, and those in map onditions were shown how to use and interpretthe map. The task was explained to the partiipants, and they were enouraged to pratieativating the two tokens within the training environment.When it appeared that the partiipant was omfortable with the ontrols, the trainingenvironment was shut down and they were given instrutions for the atual study. Theywere informed that although �nding the tokens was important, their main task was toexplore the environment and remember the layout and that they would be asked to draw amap of the environment afterwards. They were also told that they were to remember theloations of tokens that they saw, and that if they knew where the next token was theywere to go diretly to it. They were reminded that they ould use the mountains and sun,as well as the ativated tokens, to help orient themselves (as reommended by Ruddle et al[65℄). They were told that the environment was based on a family tree of the Greek gods,and the gods orresponded to rooms and that the passages between rooms orrespondedto relationships between the gods. The four types of relationships were explained to them(see Setion 4.3.1 and Figure 17). They were also told that a poster with the god's nameand a piture representing the god was plaed in eah of the rooms. After the �rst fewases of simulator sikness, partiipants were also warned that they might feel dizzy andnauseous, and to stop immediately if they began to feel ill. One they were satis�ed withthe instrutions, they were plaed in the study environment. From this point onwards, theywere not allowed to ommuniate with anyone until they �nished the task. An observerremained in the room, out of sight, in ase any problems arose.Most partiipants �nished the task within 30 minutes. A few gave up on the task whenit seemed to them that they would not be able to �nd all the tokens, and some partiipantswere stopped by the observer for similar reasons. A total of six partiipants thus did not�nish the task. However, the minimum amount of time spent in the VE was over 13 minutes(a partiipant who did �nish the task), and even those who did not �nish the task stayedin the VE for between 22 and 45 minutes.After �nishing in the VE, partiipants were given a set of questionnaires to omplete(see Setions 4.7 and 4.6.1 in partiular), and were asked to draw a map of the VE. After�nishing these tasks, they were paid and were allowed to leave.4.5 Conventional Presentation of Data Set4.5.1 MaterialsThe onventional teahing method hosen for this study was a leture-type senario. Theleture was diretly based on the data set desribed in Setion 4.3.1. At the beginning ofthe leture, the entire family tree was displayed, and the four types of relationships were
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Figure 24: One of the slides from the leture given to the non-VR partiipants. On theleft is the family tree with the urrent god's position highlighted; on the right is the posterfrom the god's room in the VE.explained (see Figure 17). Subsequently, eah of the gods was presented per slide with asmall image of the family tree with their position highlighted, together with their \poster"from the virtual environment (a sample slide an be seen in Figure 24). While showing theslide, the leturer told the partiipants who the parents of the god under disussion were,who his/her partner was, and who their hildren were. This was done for eah of the 24gods, and at the end of the leture the entire family tree was displayed and the relationshipsrepeated.4.5.2 ProedurePartiipants were again paid volunteers, reruited from sta� and postgraduate studentsworking in the department (sine this part of the study took plae during university holidays,the reruitment proedure ould be the same as for the VR onditions. However, the dataset was hosen to be equally unfamiliar to all partiipants). There were 7 partiipants inthis portion of the study.Before beginning the leture, partiipants were told that they would be given a set ofquestionnaires to �ll in after the leture, and also that they would be given a test on thesubjet material ontained in the leture.The leture took about 15 minutes, and no questions were asked during the leture.Penil-and-paper questionnaires where then handed out, and partiipants were not allowedto ommuniate with eah other during the �lling in of questionnaires and the test on thedata set. As eah partiipant �nished, they were paid and allowed to leave.



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 604.6 Data Colletion4.6.1 Questionnaire DataQuestionnaire-style measures were administered via omputer, rather than the more tradi-tional penil and paper approah. This allowed us to ensure that all questions were answered(and, where neessary, that only one answer is seleted). It also simpli�ed the olletion ofdata, as responses were already aptured in a digital format.Eah measure was introdued with a set of instrutions relating to that partiular mea-sure before the individual items were presented. In the ase of Likert-type sales, partii-pants were presented with a statement or question, with a slider bar underneath. The pointson the slider bar were numbered, and left and right anhors were named. The partiipanthad to move the slider to the appropriate position, and lik on the button labeled \nextquestion" to ontinue.Multiple hoie questions were presented with the question above a olumn of up to 5possible answers (with radio buttons next to the text); partiipants ould selet one andonly one answer. Questions with yes/no answers were also presented in this way.For short text answers, the partiipant was provided with a one-line text entry box inwhih to type the answer; again, they were required to type something in the box beforethey ould ontinue to the next question. For text answer questions with multiple answers,multiple text entry boxes were provided, but partiipants needed to enter text into only oneof the boxes.Sreenshots of eah of these types of questions are provided in Appendix A.4.6.2 VR Logging DataIn order to have a reord of ativity in the VE for later analysis, ertain key data was writtento a log �le for eah partiipant. Every 0.01 seonds a reord ontaining the partiipant'sx, y, and z positions were written to a �le, along with their yaw and pith rotations, whihtoken they were urrently looking for, and whether the map provided was urrently visibleor not (in the \no map" onditions, this was a �xed value of \not visible"). Enough data wasreorded for the entire session to be rereated within the VE, as if it had been videotapedand was being played bak.4.6.3 Biographial DataBiographial data about the partiipant was olleted digitally via the questionnaire ad-ministration program desribed above. The partiipant was prevented from beginning thepost-experimental questionnaires until all the biographial data had been entered.The data olleted was:� Age (thought to inuene ognitive mapping [33℄ and spatial abilities [82℄);� Gender (thought to inuene ognitive mapping [1, 81℄ and spatial abilities [18℄);� Whether the partiipant had ever done any orienteering (whih ould inuene og-nitive mapping abilities);



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 61� Whether the partiipant had ever taken a tehnial drawing ourse (thought to a�etspatial abilities [46℄);� Primary means of transportation of the partiipant (walking, publi transport, drivingas driver, driving as passenger | thought to a�et ognitive mapping abilities | seeSetion 2.3.3);� How many hours per week the partiipant normally spent playing �rst-person om-puter games (a measure of previous VR experiene, sine most modern 3D games usethe same tehnology as VR). Previous VR experiene is thought to a�et navigationability [64℄;� The highest level maths ourse taken by the partiipant (Final year shool, 1st yearundergraduate, 2nd year undergraduate, 3rd year undergraduate, one year postgrad-uate, more than one year postgraduate) (thought to inuene spatial performane[18, 46, 83℄).This data was olleted for all partiipants, although the non-VR partiipants ompleteda penil-and-paper version rather than the digital one.4.7 Measures4.7.1 Psyhologial FatorsEmotional Fators | Interest,Enjoyment, Surprise, Distress, Shyness and FearThe emotional fators were measured by the use of the Di�erential Emotions Sale (DES)developed by Izard [36℄. The DES asks partiipants to rate their emotions during thesession on a sale from 1 to 5. For the purposes of these studies, the questions were posedin the form: \To what extent did you feel . . . during the session?", and anhor points werelabelled \Not at all" and \Very muh". The DES was presented via the questionnaireadministration program desribed in Setion 4.6.1 above, and a sample sreenshot of thelayout of the questions is shown in Figure 45.The original DES measures 10 di�erent emotions, not all of whih were appropriatefor this study. Questions measuring Interest, Enjoyment, Surprise, Distress, Shyness andFear were inluded in the study, while those measuring Anger, Contempt and Guilt wereexluded on the basis that these emotions were extremely unlikely to be evoked by thelearning experiene and would onfuse the partiipant, possibly polluting the measurementof the other emotions.Eah emotion was measured using three related questions. The ratings for eah of thequestions was then summed to form a rating for that emotion. For example, the \Interest"emotion was measured using the following three questions:� To what extent did you feel that you were onentrating during the session?� To what extent did you feel attentive during the session?� To what extent did you feel alert during the session?



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 62On a sale from 1 to 7:How natural did your interations with the environment seem?(1 being extremely arti�ial, 7 being ompletely natural)How muh did you fous on using the display and ontrol devies instead of thevirtual experiene and experimental tasks?(1 being not at all, 7 being very muh)How ompelling was your sense of moving around inside the virtual environment?(1 being not ompelling, 7 being very ompelling)Table 1: A few sample questions from the PQ, as desribed in Setion 4.7.1. The fullquestionnaire is given in Appendix C.If a partiipant sored 3, 2, and 3 on these questions, then their \Interest" sore was 8.In order to avoid presenting similar questions diretly after eah other, the questionorder was determined randomly. However, eah partiipant reeived the questions in thesame order. Appendix B ontains the DES questionnaire as used in these studies.This measure was applied to subjets in both the VR and non-VR onditions, althoughthe non-VR partiipants ompleted a penil-and-paper version rather than the digital one.Cognitive Fators | PreseneThe sense of presene was measured using the Presene Questionnaire (PQ) developed byWitmer and Singer [89℄, as disussed in Setion 2.2.2 . It onsists of 32 likert-style ques-tions representing 6 di�erent fators that a�et the sense of presene: involvement/ontrol,naturalness, interfae quality, auditory, haptis, and resolution. A sample of the questionsasked is given in Table 1, while Appendix C ontains the omplete PQ as used in thesestudies.The PQ was presented via the questionnaire administration program desribed abovein Setion 4.6.1, and was used in the VR onditions only.4.7.2 Spatial AbilitiesThe partiipants' spatial abilities were measured using the Everyday Spatial Abilities Test(ESAT), a self-report spatial abilities questionnaire developed by Lunneborg and Lunneborg[46℄. The ESAT onsists of 20 items representing 4 di�erent fators | use of hand tools,maths/siene ourses, arranging objets, and mehanial drawing. Eah item asks thepartiipant to rate how good they are at ertain everyday ativities, on a sale from 1 to5 (1 being very bad, and 5 being very good). A total spatial abilities sore is obtained bysimply adding together the ratings for eah of the 20 questions. A sample of the questionsasked is given in Table 2, and the omplete set of questions is given in Appendix D.Additional fators whih are thought to inuene spatial abilities were also measured(suh as primary transportation method) as desribed in Setion 4.6.3.The ESAT was hosen above other spatial abilities measures partly beause it is easy to



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 63administer and fairly quik for partiipants to omplete, but also beause it orrelates wellwith objetive spatial abilities tests suh as the spatial abilities and mehanial reasoningsores of the Washington Pre-College Test Battery [46℄.ESAT data was olleted via the questionnaire administration program desribed abovein Setion 4.6.1 for the partiipants in the VR onditions only.4.7.3 Map UseA measure of how muh the partiipants who were provided with a map atually usedthat map to explore the Virtual Environment would be a more aurate measure of mapuse than a simple \map/no map" measure. Sine the map was toggleable, the reasonableassumption is made that while the map was on (and thus visible to the partiipant), themap was being used by the partiipant. However, sine eah partiipant was in the VE fora di�erent amount of time, a straight measure of how long the map was on for would notallow any omparisons to be made. Instead, the ratio of the amount of time the map wasvisible to the amount of time the partiipant spent in the VE must be alulated, and thisratio an then be used as a measure of map use.A simple VR data log analysis program was written to ount the number of log reordswritten to �le. It also ounted the number of reords for whih the map was visible, and thenomputed the perentage of time that the map was on, as shown in Equation 1. Runningthis program on eah log �le provided us with our measure of map use for eah partiipant.map visible perentage = num reords with map visibletotal number of reords (1)This is measure is not wholly aurate, beause the reording proess started when theVR appliation was started and was ended when the appliation was losed, rather thanwhen the partiipant started and ended their task. Unfortunately, this means that someextraneous data was inluded at both the beginning and end of the log �le. However, as theextraneous data lasted only a few seonds on either side, and even the shortest VR sessionlasted more than 13 minutes, the e�et on the map use ratio was minimal.4.7.4 Perentage ExploredIt would be useful to know whether the partiipant was exposed to the entire VE, or whetherthey saw only a small setion of it. This measure aims to address this issue by representingthe number of rooms they explored as a perentage of the total number of rooms in theenvironment.On a sale from 1 (very bad) to 5 (very good):How good are you at skething geometri designs?How good are you at paking and storing boxes and luggage quikly and eÆiently?How good are you at solving pratial problems using maths?How good are you at understanding graphs and harts in textbooks and magazines?Table 2: A few sample questions from the ESAT, as desribed in Setion 4.7.2. The fullquestionnaire is given in Appendix D.
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Figure 25: Analysing the partiipant's route through the VEThis is a onservative measure, beause the assumption is made that a partiipant hasonly explored a room if they atually entered that room. In atual fat, in some ases itmay have been possible for them to see everything within the room from an adjaent roomor from a passage leading to the room, but as this an be a diÆult judgement to make themore onservative but more onsistent method of requiring the partiipant to have enteredthe room before onsidering them to have examined it will be used.The data for this measure was again obtained from the log �les desribed in Setion4.6.2. A seond log �le analysis program was written to read in the x and z positions fromthe log �le and superimpose a small marker at the saled position on a 2D map of the VE.A delay was imposed between the plaing of subsequent position markers so that the routetaken by the partiipant ould be viewed as it progressed (to avoid luttering the display,markers were removed every 1000 positions, thus allowing baktraking to be seen learly).A sreenshot of this proess an be seen in Figure 25.While viewing this animation for eah partiipant, a written list was ompiled of eahroom that the partiipant entered, in the order in whih they were entered | in otherwords, a written route of the path that the partiipant took through the VE. From this itwas determined how many of the 24 rooms were entered, and the perentage explored wasdetermined.4.7.5 Cognitive MappingBeause ognitive mapping is a diÆult onstrut to measure (see Setion 2.3.6) two di�erentapproahes were used: a way�nding sore, and a sketh map sore.Way�ndingThe way�nding sore is based on three assumptions: �rstly, that partiipants would remem-ber if they had previously seen the token that they were urrently looking for; seondly,that if they knew where the next token was they would go diretly to it, and thirdly thatthey have only seen a token if they have entered the room in whih the token is loated.The �rst two assumptions are fairly reasonable, espeially as partiipants were instrutedto keep trak of what tokens they had seen and to go diretly to a token if they knew where



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 65it was. The third assumption is onservative, as for the \Perentage Explored" measure(see Setion 4.7.4) | there were situations where a token ould be seen from a neighbouringroom or from the passage outside a room. However, it beomes diÆult to establish theexat viewing angle of the partiipant in order to determine whether or not they have aseen a token (even with the playbak allowed by the log �les desribed in Setion 4.6.2),and even if the viewing angle ould be determined it would still require eye-traking tode�nitely say whether or not the token was seen.The way�nding sore is based on the number of exess rooms that the partiipant visitedwhile searhing for a token that they know the loation of (that is, one that they have seenbefore).To determine the way�nding sore for a partiipant, the written route through theenvironment obtained for the \Perentage Explored" measure (see Setion 4.7.4) was used.This was supplemented by marking down on the written route eah time a token wasativated. The way�nding sore was then obtained as follows: For eah token T:� Determine if the room ontaining token T+1 was visited before the ativation of T.� If it wasn't, then begin again with token T+1. Otherwise:{ Count the number of rooms that the partiipant visited when moving from theroom in whih T was ativated until ativating T+1 (inluding the room in whihT+1 is situated).{ Count the number of rooms on the shortest route between T and T+1.{ Divide the number of rooms entered by the partiipant by the number of roomson the shortest route. This number is the proportion of exess rooms visitedwhile trying to �nd token T+1, and is a omponent of the �nal sore (the twonumbers annot simply be subtrated beause eah sub-route will have di�erentnumber of minimum rooms, and the sore must reet the number of exessrooms in proportion to the minimum in order to be able to aggregate them).One all the tokens have been proessed, the �nal way�nding sore is obtained by addingup all the sores obtained in the last step above, and dividing by the total number of tokensfor whih this was done. This gives the average proportion of exess rooms visited duringthe task (we need to take the average beause not all partiipants followed the same routethrough the VE, and so would not have enountered the tokens in the same order, implyingthat eah partiipant would have di�erent number of omponent sores. A partiipant whonever visited any exess rooms would have a perfet way�nding sore of 1.Sketh MapsPartiipants had been told before they began the task that they would be asked to draw amap of the virtual environment when they were �nished. They were given a sheet of plainA4 paper, and were instruted to draw the map to help other partiipants �nd their wayaround (as reommended by [34℄). Partiipants were not instruted as to what details theyshould inlude (e.g. token plaement).The sketh maps thus produed were analyzed aording to two di�erent riteria: amountof detail, and auray. The detail sore was obtained by averaging together four perent-ages: the perentage of rooms in the VE that were drawn on the map; the perentage of



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 66passages in the VE that were drawn on the map; the perentage of god's loations indiatedon the map; and the perentage of tokens indiated on the map. Rooms, passages, gods,and tokens were ounted irrespetive of whether or not they were in the orret position;however, maps whih bore absolutely no resemblane to the VE at all were given a detailsore of 0. A map whih ontained all possible features would have a detail sore of 100.The auray sore was loosely based on the onept of loal auray (as used byRovine [61℄), whereby auray is de�ned in terms of what information is inluded in thesketh map, rather than in terms of what existed in the environment. The auray sorewas derived from the number of errors in the sketh map. There were essentially �ve typesof errors:� God/token labels drawn in the inorret position;� Rooms/passages shown whih learly did not exist in the VE (as in Figure 26A);� Room/passage plaements whih violated the hild/partner relationship:{ a hild shown as a partner, or vie versa (Figure 26B);{ a hild shown as having one (or two) parents when they atually had two (orone) (Figure 26C);{ a god being shown as a hild of the wrong parent;{ a god shown as only a hild or partner when they were atually both (Figure26D).� Room/passage plaements whih violated the generational relationships (i.e. a god(or group of gods) being shown as a hild rather than a grandhild (Figure 26E));� Strutural errors, suh as a passage ending in a orner rather than entering a room(Figure 26F).Distane and diretion distortions were not ounted as errors, and neither was missing data(as this was overed by the detail sore).After determining the number of errors for eah sketh map, they were assigned to oneof �ve ategories:� Maps in ategory A had 0 to 3 errors;� Maps in ategory B had 4 to 7 errors;� Maps in ategory C had 8 to 11 errors;� Maps in ategory D had 12 to 15 errors;� Maps in ategory E bore no resemblane to the VE at all.The data was onverted to this ordinal form primarily beause it allows for easy ex-pression of the fat that some maps were so inorret that their errors ould not even beounted.
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Figure 26: The types of errors made in sketh maps of the environment|A: passages/roomswhih did not exist; B,C,D: violating the parent/hild relationship; E: violating generationalrelationships; F: strutural errors.Name two gods without any hildren.Was Leto of the same generation as the hildren of Cronus and Rhea?Name two gods who had only one parent.Was Iapetus Clymene's hild or partner?Table 3: A few sample questions from the test on the data set, as desribed in Setion 4.7.6.The full test, together with the orret answers, is given in Appendix E.4.7.6 LearningIn order to determine whether partiipants had learned the data points and the relation-ships between them, they were asked to omplete a test on the data set. This test wasadministered via the questionnaire administration program desribed in Setion 4.6.1 inthe ase of the VR partiipants, and via the standard penil-and-paper method for thenon-VR partiipants.The test was designed to evoke the partiipant's knowledge of the data set, and inludeda range of questions (from very straightforward, requiring only a very basi understanding,to fairly triky, requiring a true understanding of the data set). There were 14 questionsin the test, some requiring single word answers, others requiring 2-part answers, and othersthat were multiple hoie. The full set of questions (together with the orret answers) isinluded in Appendix E, but a sample is shown in Table 3.The soring of the questions took into aount the fat that some of the VR partiipantswould know the answer in spatial terms rather than in terms of the data set, and that while



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 68this is better than not knowing the answer at all, it is not fully satisfatory. Aordingly,half marks were awarded if the answer was given in spatial terms (for example, \the room atthe end of the long passage", or \box number 4"). Answers that were misspelled sored fullmarks, provided that they were intelligible, as were answers given in terms of the piturerepresenting the data point rather than the name of the data point (e.g. \the lightningbolt" instead of \Zeus"), provided that the desription was a reasonable and unambiguousapproximation of the piture. The maximum sore possible was 36.4.8 Methods of AnalysisDetails of the analyses performed (as well the results thereof) will are given in Chapters 5,6 and 7. However, it is important to note here that nonparametri statistial methods wereused to analyze the data. This was due in large part to the small sample sizes, and alsobeause muh of the data was ordinal.Traditional (parametri) statistial proedures have a range of assumptions about thedata that need to be satis�ed in order for onlusions to be valid (a ommon assumption isthat the population data �ts a ertain distribution). If the assumptions are disregarded orannot be satis�ed, there is far greater hane of the inferenes made being inorret. Non-parametri methods, however, make fewer and weaker assumptions about the populationthat the data omes from, and in some ases, no assumptions are made at all [27℄.In many researh situations, there is no basis for assuming any given distribution. Smallsample sizes, in partiular, mean that the distribution annot be assumed, and thus anyanalysis done on suh samples annot be relied upon. With nonparametri methods, how-ever, there is no minimum sample size required for validity and reliability. In addition,many proedures in parametri statistis require the data to be measured on at least aninterval or ratio sale, while most nonparametri methods only require data to be ordinal[27℄.There are nonparametri equivalents to many (although not all) of the traditional sta-tistial tests. These equivalents are given below for the tests used in these studies.4.8.1 t-test For Two Independent SamplesThere are three nonparametri alternatives to the traditional t-test for independent samples:the Wald-Wolfowitz runs test, the Kolmogorov-Smirnov test, and the Mann-Whitney U test.This last is the one used in these studies, as it is essentially idential to the onventional t-test exept that it is omputed using rank sums rather than means. It an be interpreted inthe same way as the onventional t-test, and is the most powerful nonparametri alternative[72℄.4.8.2 �2 Contingeny TablesThe traditional �2 ontingeny table analysis is atually nonparametri, as it deals withfrequeny data and does not assume that the population data �ts any partiular distribution[27℄. It an thus be used in these analyses without reservation.



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 694.8.3 CorrelationsThe traditional parametri test for orrelation is Pearson's produt-moment orrelationoeÆient. There are three alternative nonparametri tests | Spearman R, Kendall tau,and Gamma. The alternative used in these studies is the Spearman R, an be interpreted inthe same way as Pearson's produt-moment orrelation oeÆient. The test assumes thatthe data is measured on at least an ordinal sale, i.e that the observations an be rankedinto two ordered series. The Spearman R is the losest to the onventional parametri test,and has at least as muh statistial power as the other two alternatives.[72℄.4.8.4 1-way ANOVAThere is only one alternative to a 1-way ANOVA that applies to the data being analyzed inthese studies, and this is the Kruskal-Wallis ANOVA by ranks. This test assumes that thedata is ontinuous and was measured on at least an ordinal sale, and an be interpretedidentially to a parametri 1-way ANOVA exept that it is based on ranks rather thanmeans [72℄.4.8.5 2-way ANOVAUnfortunately, there is no nonparametri alternative to a 2-way ANOVA. As a rough ap-proximation, the following 3-step proess has been used:1. Perform an Mann-Whitney U test (nonparametri t-test) on fator 1 and the depen-dent variable to get the �rst main e�et. If fator 1 has more than two levels (e.g. hmdvs desktop vs leture rather than just male vs female), use a Kruskal-Wallis ANOVAby ranks instead.2. Perform an Mann-Whitney U test (nonparametri t-test) on fator 2 and the depen-dent variable to get the seond main e�et. If fator 2 has more than two levels (e.g.hmd vs desktop vs leture rather than just male vs female), use a Kruskal-WallisANOVA by ranks instead.3. Combine the fators into one set of ategories. For example, if the original fator 1 was\Gender" with levels \male" and \female", and the original fator 2 was \Presentationmethod" with levels \hmd", \desktop" and \leture", the new set of ategories wouldhave 6 levels:� male-hmd;� male-desktop;� male-presentation;� female-hmd;� female-desktop;� female-presentation.Then perform a Kruskal-Wallis ANOVA by ranks on these ombined ategories to getthe interation e�et.



CHAPTER 4. EXPERIMENT DESIGN AND METHODOLOGY 70It is important to note that this proess does not give quite the same result for theinterations as a true 2-way ANOVA. However, it does give some idea of the interationsthat are ourring, and the small ell sizes in these studies (typially 9 or 4) prelude theuse of a parametri 2-way ANOVA (sine any results obtained based on suh small sampleswould be invalid and unreliable).



Chapter 5Study 1 | Cognitive Mapping5.1 AimsThis study investigated the issues surrounding the proess of forming a ognitive map ofa virtual environment (VE). The primary issue that needed to addressed was whether avisitor to a virtual environment ould form a reasonably aurate and detailed ognitivemap of that environment within the limited amount of time available.The �rst setion of this study was an experimental study, with two hypotheses:1. The VR display system and input devie used would a�et ognitive mapping;2. Providing partiipants with a dynami You-Are-Here map showing their position andorientation would a�et ognitive mapping.This part of the study aimed to determine whether immersive equipment (suh as head-trakers and Head Mounted Displays) was neessary to form a ognitive map of the VE, orwhether a keyboard-and-monitor-based desktop system was suÆient. Immersive systemsmay give better ognitive mapping results as they provide more ideotheti information, suhas vestibular and proprioeptive ues, but results in the literature are mixed (see Setion2.3.3). As suh systems are more expensive to install and maintain than desktop systems,if these ideotheti ues are found to be not essential to the formation of a ognitive map,heaper desktop systems ould be used in plae of immersive systems.The seond aim of this setion of the study was to determine whether providing a mapof the VE would help or hinder visitors with building an aurate ognitive map of thearea. Some studies have shown that maps help with ognitive mapping, while other studiessuggest that providing a map may atually hinder ognitive mapping (see the disussion inSetion 2.4.6).The possibility of an interation between display system and map provision was also beinvestigated.The seond setion of this study was a relational study, in whih the relationshipsbetween various variables and ognitive mapping sores were investigated, namely:� the perentage of the environment that was explored (a visitor annot inorporateareas of the environment into their ognitive map if they have not seen them);71



CHAPTER 5. STUDY 1 | COGNITIVE MAPPING 72� whether or not the task was �nished (�nishing the task required partiipants to revisitplaes several times, whih should improve ognitive mapping);� previous VR/gaming experiene (lak of familiarity with VEs may hinder navigation[64℄, while those who regularly play games requiring them to remember the loationof virtual objets may form ognitive maps of higher quality, and may have developedbetter navigation skills);� age (the ability to adopt new tehnology may derease with age, and Holahan [33℄suggests that age may a�et ognitive mapping skills although Appleyard [1℄ foundno age-based di�erenes.);� gender (some studies have shown gender e�ets in ognitive mapping [1, 39, 81℄);� primary travel mode (transportation method has been shown to a�et ognitive abil-ities [1, 11, 16, 33, 73℄; see Setion 2.3.3);� spatial abilities (several studies have shown that spatial abilities a�et ognitive map-ping skills [8, 18, 67, 83℄; see Setion 2.5);� perentage of time that a map of the VE was visible (a re�nement of the map / nomap test, whih looks at how long the partiipant atually saw the map during theVE exposure);� Psyhologial fators suh as emotional aspets (positive emotions may help ognitivemapping, while negative emotions may be detrimental) and presene (if a visitor feelsthat they are in a real plae, that may help them to form a ognitive map of thatplae).The design of this study and the proedure followed in implementing it is as desribedin Chapter 4, as are the measures used.5.2 Results5.2.1 Formation of a Cognitive MapOut of 26 partiipants, only �ve (19.23%) drew sketh maps that did not resemble theVE at all. This implies that it is ertainly possible to form a ognitive map of a virtualenvironment after being exposed to it for a relatively short period of time | exposure timesvaried between 13 and 60 minutes, with a mean exposure time of 30.6 minutes and standarddeviation of 11.96 minutes.However, the ognitive maps formed of the VE were of fairly low quality. Sketh mapdetail sores (as desribed in Setion 4.7.5) varied between 0 and 66.4 (see Figure 27 , butwhen exluding the maps that bore no resemblane to the VE the minimum sore was 15(a perfet detail sore was 100). With regards to auray (also desribed in Setion 4.7.5),three maps had between 0 and 3 errors, seven had between 4 and 7 errors, �ve had between8 and 11 errors, six had between 12 and 15 errors, and as mentioned �ve maps showed nosimilarity to the VE (these error rates are shown as a histogram in Figure 28). Way�ndingsores (desribed in Setion 4.7.5) varied between 1.25 and 12 (see Figure 29), where a
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Figure 27: Histogram showing the sketh map detail sores. The solid urve indiates theexpeted normal.perfet way�nding sore would be 1 (a way�nding sore ould not be determined for onepartiipant, as their route through the VE did not pass through any of the target roomsbefore ativation of the relevant tokens).Longer exposure to the VE may help to inrease the quality of the ognitive map formed,but substantial inreases in exposure time would have to be made | with exposure timesvarying between 13 minutes and 60 minutes in the urrent study, the time spent in the VEdid not signi�antly a�et any of the three ognitive mapping sores (Table 4).5.2.2 E�et of Display System and MapTo investigate the ombined e�et of display type and map provision on ognitive mappingsores, a 2-way ANOVA would normally be used. However, there is no non-parametriequivalent to a 2-way ANOVA, so a replaement 3-step proess has been used (see Setion4.8).Step 1 is to determine the e�et of display type on ognitive mapping, by means of aValid N Spearman R p-levelTime & detail 26 -.172539 .399308Time & auray 26 -.329383 .100352Time & way�nding 25 .216805 .297888Table 4: Spearman R and p values for the relationship between time spent in the VE andthe three ognitive mapping sores. No signi�ant relationships were found.
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Figure 28: Histogram showing the number of sketh maps in eah error ategory. The solidurve indiates the expeted normal.

Figure 29: Histogram showing the way�nding sores. The solid urve indiates the expetednormal.



CHAPTER 5. STUDY 1 | COGNITIVE MAPPING 75N NU Z p-level (desktop) (HMD)Detail 65.00000 .38889 .697361 18 8Auray 51.50000 -1.13889 .254758 18 8Way�nding 54.50000 .51444 .606946 18 7Table 5: Mann-Whitney U test on the e�et of display type (HMD/desktop) on ognitivemapping sores. No signi�ant di�erenes were found.Mann-Whitney U test. The results are presented in Table 5. For the e�et on sketh mapdetail sores, a U value of 65.00 and a orresponding p-value of .697361 were obtained;for the e�et on sketh map auray sores a U value of 51.50 and a orresponding p-value of .254758 were obtained; and for the e�et on way�nding a U value of 54.50 and aorresponding p-value of .606946 were obtained. Hypothesis 1 (as desribed in Setion 5.1 isthus rejeted. As no signi�ant di�erenes were found, display type did not a�et ognitivemapping.Step 2 is to determine the e�et of having a map on ognitive mapping, again by meansof a Mann-Whitney U test. The results are presented in Table 6. For the e�et on skethmap detail sores, a U value of 75.50 and a orresponding p-value of .644415 were obtained;for the e�et on sketh map auray sores a U value of 65.50 and a orresponding p-value of .329886 were obtained; and for the e�et on way�nding a U value of 54.00 and aorresponding p-value of .191757 were obtained. Hypothesis 2 (as desribed in Setion 5.1is thus rejeted. As no signi�ant di�erenes were found, having a map of the VE did nota�et ognitive mapping.Step 3 is to determine whether there were any interations between display type (HMDvs Desktop) and having a map. This was done by means of a Kruskal-Wallis ANOVA byranks. No signi�ant results were thus found, whih means that there was no interationbetween display type and having a map on ognitive mapping. These results are shown inTable 7.5.2.3 E�et of Other VariablesA signi�ant relationship was found between perentage explored and ognitive mapping| partiipants who explored more of the environment inluded more detail on their skethmaps (Spearman R gives R=.432960, p=.027152, �=0.05). Auray and way�nding werenot related to the perentage explored, however (see Table 8), and the perentage of timeN NU Z p-level (map) (no map)Detail 75.50000 .46154 .644415 13 13Auray 65.50000 .974359 .329886 13 13Way�nding 54.00000 -1.30543 .191757 13 12Table 6: Mann-Whitney U test on the e�et of having a map on ognitive mapping sores.No signi�ant di�erenes were found.



CHAPTER 5. STUDY 1 | COGNITIVE MAPPING 76Sketh Map Detail:H ( 3, N= 26) = 3.643978, p =.3026Valid N Sum of Ranksdesktop-map 9 115.0000desktop-no-map 9 135.0000hmd-map 4 69.5000hmd-no-map 4 31.5000Sketh Map Auray:H ( 3, N= 26) = 4.34649,9 p =.2264Valid N Sum of Ranksdesktop-map 9 112.0000desktop-no-map 9 110.5000hmd-map 4 82.5000hmd-no-map 4 46.0000Way�nding:H ( 3, N= 25) = 3.795747, p =.2844Valid N Sum of Ranksdesktop-map 9 93.0000desktop-no-map 9 149.5000hmd-map 4 52.0000hmd-no-map 3 30.5000Table 7: Kruskal-Wallis ANOVA by ranks on the ombined display/map ategories forsketh map detail, sketh map auray, and way�nding sores. No signi�ant e�ets werefound.that partiipants had the map displayed for did not inuene any aspet of ognitive map-ping (Table 10).Having a map of the VE did not a�et the perentage explored (Table 9), whih seemsounterintuitive but �ts in with previous results | if having a map had inuened theperentage of the environment explored, then as perentage explored did a�et the skethmap detail sores, having a map would indiretly a�et ognitive mapping. But it hasalready been shown in Step 2 above that having a map did not a�et ognitive mapping,and so the �nding that having a map did not a�et the perentage explored is onsistentwith these results.Finishing the task did not a�et ognitive mapping (Table 11), and neither gaming ex-periene nor age were found to be related to ognitive mapping (see Tables 12 and 13). Onepartiipant refused to dislose their age, so sample sizes for the age analysis are one smallerthan those for other analyses. The average age was 24.6, with the youngest partiipantbeing 18 and the oldest, 50.A Mann-Whitney U test on gender and ognitive mapping showed a signi�ant relation-ship between gender and way�nding (U=33.0 , p=.014383, �=0.05), although not betweengender and either of the sketh map variables (see Table 14). The median way�nding sore
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Valid N Spearman R p-levelPerent explored & detail 26 .432960 .027152Perent explored & auray 26 .135158 .510338Perent explored & way�nding 25 .134422 .521769Table 8: Spearman R and p values for the relationship between perentage of environmentexplored and the three ognitive mapping sores. A signi�ant relationship (marked in bold,�=0.05) was found between perentage explored and ognitive mapping.

N NU Z p-level (map) (no map)Perent Explored 51.50000 1.692308 .090597 13 13Table 9: Mann-Whitney U test on the e�et of having a map on the perentage of theenvironment explored. No signi�ant di�erene was found.
Spearman Rank Order CorrelationsMD pairwise deleted Valid N Spearman R p-levelPerent map on & detail 26 .047311 .818478Perent map on & auray 26 .081929 .690718Perent map on & way�nding 25 -.284678 .167816Table 10: Spearman R and p values for the relationship between perentage of time themap was displayed and the three ognitive mapping sores. No signi�ant relationshipswere found.

N NU Z p-level (not �nished) (�nished)Detail 53.50000 -.395577 .692419 6 20Auray 55.00000 -.304290 .760909 6 20Way�nding 46.50000 -.237778 .812055 5 20Table 11: Mann-Whitney U test on the e�et of �nishing the task on ognitive mapping.No signi�ant di�erene was found.



CHAPTER 5. STUDY 1 | COGNITIVE MAPPING 78Valid N Spearman R p-levelGaming experiene & detail 26 .180335 .378012Gaming experiene & auray 26 .224989 .269141Gaming experiene & way�nding 25 .139769 .505188Table 12: Spearman R and p values for the relationship between gaming experiene andthe three ognitive mapping sores. No signi�ant relationships were found.Valid N Spearman R p-levelAge & detail 25 -.193305 .354542Age & auray 25 -.033378 .874151Age & way�nding 24 -.068908 .749017Table 13: Spearman R and p values for the relationship between age and the three ognitivemapping sores. No signi�ant relationships were found.was higher for males than for females (Figure 30), whih means that women performedbetter than men (the way�nding sore give the average exess perentage of rooms enteredwhen trying to �nd the target tokens, and thus a higher sore indiates worse performane).Travel mode did not a�et any aspet of ognitive mapping (see Table 15, and neither didorienteering experiene (Table 16 or maths level (Table 17). Tehnial drawing experienea�eted both detail (U=43.50, p=.054399, whih is lose to signi�ant at a 5% signi�anelevel) and way�nding sores (U=24.00, p=.004673, �=0.05), but not auray (Table 18.Those partiipants who had tehnial drawing experiene inluded more detail in theirsketh maps (as an be seen in Figure 31, the median sore is higher for those who had takena tehnial drawing ourse) but performed worse at way�nding (the median way�ndingsore is higher for those with tehnial drawing experiene, as an be seen in Figure 32).ESAT sores orrelated signi�antly with the detail sore (R=.408662, p=.038192, �=0.05),showing that partiipants with better spatial abilities inluded more detail in their skethmaps, but did not orrelate with the other ognitive mapping sores (Table 19)Fear and surprise were assoiated with dereased auray of the sketh maps (R=-.404995, p=.040131 for fear; R=-.556910, p=.003125 for surprise, �=0.05) and shynessorrelated with a dereased amount of detail inluded in the sketh maps (R=-.493673,p=.010376, �=0.05). No other relationships between psyhologial fators and ognitivemapping aspets were found, inluding the sense of presene (see Table 20).N NU Z p-level (male) (female)Detail 80.50000 .180021 .857138 14 12Auray 79.00000 .257172 .797047 14 12Way�nding 33.00000 2.447677 .014383 13 12Table 14: Mann-Whitney U test on the e�et of gender on ognitive mapping. A signi�antdi�erene was found (marked in bold, �=0.05), in that females performed signi�antlybetter at way�nding than males.
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Figure 30: A box plot showing the median and quartile way�nding sores for males andfemales. The median for males was higher than that for females.Sketh Map Detail:H ( 3, N= 26) = .3414184, p =.9521Valid N Sum of RanksWalking 6 84.00000Publi transport 8 98.50000Driving (driver) 6 81.00000Driving (passenger) 6 87.50000Sketh Map Auray:H ( 3, N= 26) = 1.048387, p =.7895Valid N Sum of RanksWalking 6 95.00000Publi transport 8 94.00000Driving (driver) 6 84.00000Driving (passenger) 6 79.00000Way�nding:H ( 3, N= 25) = 1.649619, p =.6482Valid N Sum of RanksWalking 6 86.00000Publi transport 7 87.00000Driving (driver) 6 91.00000Driving (passenger) 6 61.00000Table 15: Kruskal-Wallis ANOVA by ranks on the e�et of transportation method onognitive mapping. No signi�ant e�ets were found.



CHAPTER 5. STUDY 1 | COGNITIVE MAPPING 80N NU Z p-level (no orienteering) (orienteering)Detail 78.50000 -.079057 .936988 16 10Auray 69.50000 .553399 .579994 16 10Way�nding 61.00000 -.776580 .437412 15 10Table 16: Mann-Whitney U test on the e�et of previous orienteering experiene on ogni-tive mapping. No signi�ant di�erenes were found.Sketh Map Detail:H ( 3, N= 26) = .2.282837, p =.5158Valid N Sum of Ranks1st year university ourse 3 24.50002nd year university ourse 10 152.50003rd year university ourse 10 140.0000Postgraduate maths ourse 3 34.0000Sketh Map Auray:H ( 3, N= 26) =.6787634, p =.8782Valid N Sum of Ranks1st year university ourse 3 43.50002nd year university ourse 10 142.50003rd year university ourse 10 120.0000Postgraduate maths ourse 3 45.0000Way�nding:H ( 3, N= 26) = 1.004772, p =.8001Valid N Sum of Ranks1st year university ourse 3 43.00002nd year university ourse 10 119.50003rd year university ourse 10 143.0000Postgraduate maths ourse 2 19.5000Table 17: Kruskal-Wallis ANOVA by ranks on the e�et of maths level on ognitive mapping.No signi�ant e�ets were found. N NU Z p-level (no teh draw) (teh draw)Detail 43.50000 -1.92372 .054399 16 10Auray 70.50000 .50069 .616590 16 10Way�nding 24.00000 -2.82897 .004673 15 10Table 18: Mann-Whitney U test on the e�et of tehnial drawing experiene on ognitivemapping. A signi�ant relationship was found between tehnial drawing and amount ofdetail inluded in sketh map, and way�nding sore (marked in bold, �=0.05).
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Figure 31: A box plot showing the median and quartile detail sores for tehnial drawingexperiene. The median for those with tehnial drawing experiene was higher than thatfor those without, showing that those with tehnial drawing experiene inluded moredetail in their sketh maps.

Figure 32: A box plot showing the median and quartile way�nding sores for tehnial draw-ing experiene. The median for those with tehnial drawing experiene was higher thanthat for those without, showing that those without tehnial drawing experiene performedbetter.
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Valid N Spearman R p-levelESAT & Detail 26 .408662 .038192ESAT & Auray 26 -.005785 .977625ESAT & Way�nding 25 .198497 .341511Table 19: Spearman R and p values for the relationship between spatial abilities and og-nitive mapping. A signi�ant positive orrelation was found between spatial abilities andthe amount of detail inluded in the sketh map (marked in bold, �=0.05).

Valid N Spearman R p-levelPresene & detail 26 .293957 .144949Presene & auray 26 .071460 .728667Presene & way�nding 25 -.020019 .924330Enjoyment & detail 26 .049232 .811237Enjoyment & auray 26 -.202989 .319958Enjoyment & way�nding 25 -.250343 .227444Fear & detail 26 -.252398 .213520Fear & auray 26 -.404995 .040131Fear & way�nding 25 -.089613 .670118Surprise & detail 26 -.003822 .985218Surprise & auray 26 -.556910 .003125Surprise & way�nding 25 .120088 .567474Shyness & detail 26 -.493673 .010376Shyness & auray 26 -.367625 .064654Shyness & way�nding 25 .037036 .860484Interest & detail 26 .160716 .432857Interest & auray 26 -.148283 .469728Interest & way�nding 25 -.054980 .794075Distress & detail 26 -.338201 .091048Distress & auray 26 -.316838 .114783Distress & way�nding 25 .086649 .680456Table 20: Spearman R and p values for the relationship between psyhologial fators (pres-ene and emotions) and the three ognitive mapping sores. Signi�ant negative orrelationswere found between fear and detail, surprise and detail, and shyness and auray (markedin bold, �=0.05).



CHAPTER 5. STUDY 1 | COGNITIVE MAPPING 835.3 Disussion of Results5.3.1 Formation of a Cognitive MapIt has been established that while it is possible to form a ognitive map of virtual environ-ment within a relatively short period of time, the maps thus formed are of mediore quality.As the ognitive mapping literature normally reports exposure times in terms of days ormonths [16℄, substantially longer exposure times may be required to inrease the quality ofognitive mapping proess.5.3.2 E�et of Display System and MapCognitive mapping sores were not a�eted by whether partiipants had a map or not(adding more evidene to the map ontroversy disussed in Setion 2.4.6) and neither werethey a�eted by whether partiipants used an immersive or a desktop system. This showsthat ideotheti ues suh as proprioeption are not essential to forming a ognitive map ofa virtual environment, and that visitors will form the same quality map whether they usean immersive system or a desktop system, implying that expensive immersive systems arenot neessary to form a ognitive map of a VE. This �nding is supported by several otherstudies, suh as those by Koh et al [43℄, Waller [80℄, but is ontradited by studies by Iwata& Yoshida [35℄ and Chane et al [12℄. Setion 2.3.3 ontains more information on thesestudies.5.3.3 E�et of Other VariablesThe more of the environment that a partiipant explored, the more detail they inludedon their sketh map. This is not surprising, as it follows from the fat that one annotdraw a sketh map of areas that one hasn't explored, but it is important in that it pointsout that if the spatial learning method is to be used suessfully, visitors to VEs must besubtly enouraged to explore the entire environment. Finishing the assigned task did nota�et ognitive mapping, whih implies either that partiipants made multiple passes overthe environment whether they �nished the task or not, or that multiple passes do not addfurther knowledge of the environment. The data seems to suggest the former, althougha muh deeper analysis of partiipants' movements through the VE would be needed toon�rm this.Neither previous VR or gaming experiene a�eted ognitive mapping, whih shows�rstly that there is no novelty e�et (partiipants without previous experiene did not paymore attention to their surroundings just beause it was a new experiene to them) andseondly that neither the quality of the ognitive maps formed of the VE nor way�ndingskills are likely to inrease with inreasing familiarity with VEs in general (ontraditingRuddle, Payne and Jones [64℄, who suggest that general lak of familiarity with VR mayontribute to diÆulties in navigation).Age did not a�et ognitive mapping abilities, but only adults were inluded in thestudy (ages ranged between 18 and 50). It is possible that younger hildren may performdi�erently to adults (see Setion 2.3.7).Women performed better at way�nding than men, although no there was no gendere�et on sketh map detail or auray. This ontradits �ndings by Waller, Hunt and



CHAPTER 5. STUDY 1 | COGNITIVE MAPPING 84Knapp [81℄, who found that men perform better at way�nding tasks, and Appleyard [1℄,who found that women made more errors in their sketh maps. Appleyard's study wasonduted in 1969, however, when ability to draw a map was onsidered unfeminine, andhe reports that there was a relutane among women to demonstrate knowledge that theywere later found to possess. Kaplan found that amongst 12 year old hildren, girls drewmore aurate and more detailed sketh maps [39℄, while Holahan [33℄ reports that whilesome studies show gender di�erenes in sketh maps, most do not.Primary transportation method did not a�et ognitive mapping sores, whih agreeswith �ndings by Carr and Shissler [11℄, who found no di�erene in ognitive mapping be-tween drivers, passengers, and ommuters. However, it is ontradited by Holahan [33℄ whoreports that drivers produe more aurate sketh maps, and Cohen [16℄ who report thatthose who use mainly publi transport tend to have the most inaurate maps. Appleyard[1℄ also found that those who use publi transport drew the lowest quality sketh maps, andthose who drive a ar produed the highest quality sketh maps.Partiipants who had previously taken a tehnial drawing ourse inluded more detailin their sketh maps, but performed worse at way�nding. Previous orienteering experienedid not a�et ognitive mapping, and neither did the mathematial abilities of the subjets(indiated by the highest level maths ourse they had taken). This is in ontradition with�nding by Darken et al [18℄ and �ndings quoted by West and Morris [83℄, who found thatmaths abilities orrelate positively with ognitive mapping abilities. Spatial abilities werefound to a�et the amount of detail inluded in sketh maps, but did not a�et auray ofthe sketh maps or way�nding.The amount of presene felt by partiipants did not a�et ognitive mapping, showingthat visitors do not have to feel as though they are in a real plae in order to form aognitive map of the area. This orroborates �ndings by Darken et al who found thatspatial knowledge aquisition was not a�eted by presene [19℄. Positive emotions (suh asinterest and enjoyment) were not related to ognitive mapping, but fear and surprise wereassoiated with dereased auray of the sketh maps and shyness with dereased amountof detail. Whih is ause and whih is e�et annot be determined | it is equally possiblethat fear and surprise were aused by an inaurate ognitive map of the environment asthat they disrupted the ognitive mapping proess and thus aused less aurate ognitivemaps (and similarly for shyness and detail | partiipants may have felt shy beause theyweren't absorbing muh detail, or shyness may have prevented them from paying attentionto their surroundings and thus prevented them from absorbing muh detail). This does,however, indiate that it is possible for visitors to form an aurate ognitive map of theenvironment even if the data set is not one that they �nd interesting, and also implies thatfear and surprise should be minimized in order for visitors to learn the spae in full.



Chapter 6Study 2 - Learning the Data Set6.1 AimsThis study investigated whether, having formed a ognitive map of a virtual environment,it was possible for partiipants to absorb and omprehend the underlying data set not as amap, but as the atual data points and the relationships between them.The �rst setion of this study was an experimental study, with two hypotheses:1. the presentation style (HMD VR system, desktop VR system, and onventional le-ture) would a�et the learning of the data set;2. providing VR partiipants with a dynami You-Are-Here map showing their positionand orientation would a�et their learning of the data set.The �rst aim of the experimental part of this study was to determine whether immersiveequipment (suh as head-trakers and Head Mounted Displays) was neessary to learn thedata set represented by the VE, or whether a keyboard-and-monitor-based desktop systemwas suÆient. It also ompared both forms of VR presentation with a more onventionalleture-style presentation of the data. The seond aim was to determine whether providinga map of the VE would help or hinder visitors with learning the underlying data set,separately to any e�et it may have on the ognitive mapping proess | seeing the layoutof the environment (and thus the data set) may help visitors to remember the overallstruture and relationships. The possibility of an interation between presentation typeand map provision was also be investigated.In the relational setion of the study, the relationships between various variables andlearning sores of the VR partiipants were investigated, namely:� ognitive mapping (the previous study, desribed in Chapter 5, showed that visitorsto a virtual environment an form a ognitive map of the environment, but that themap formed is of mediore quality | is the quality of the ognitive map related tohow well visitors an learn the underlying data set?);� psyhologial fators, suh as emotions (enjoyment, fear, surprise, shyness, interest,distress) and the sense of presene (negative emotions may detrat from learning, andpositive emotions enhane learning; and the extent to whih visitors to the VE feelthat they are in a real plae may a�et the amount of data they absorb);85



CHAPTER 6. STUDY 2 - LEARNING THE DATA SET 86� the perentage of the environment that was explored (a visitor annot learn datapoints if they have not traveled to them);� the time spent in the VE (if the spatial learning method is to be useful, visitors mustbe able to learn the underlying data set with fairly short exposure times);� age (to use the spatial learning method to teah the general publi, an age e�et wouldneed to ruled out);� gender (to use the spatial learning method to teah the general publi, a gender e�etwould need to ruled out);� spatial abilities (the spatial abilities of visitors may a�et how well they an learn theunderlying data set);� perentage of time that a map of the VE was visible (a re�nement of the map / nomap test, whih looks at how long the partiipant atually saw the map during theVE exposure).The design of this study and the proedure followed in implementing it is as desribedin Chapter 4, as are the measures used.6.2 Results6.2.1 Absorbing and Comprehending the Data SetThe average learning sore (as desribed in Setion 4.7.6) for the VR partiipants was 12.85with a standard deviation of 6.21. The lowest sore obtained was 4, and the highest soreobtained was 31, i.e. a range of 27. The maximum possible sore was 36. A histogram ofthe VR partiipants' learning sores is given in Figure 33.By omparison, the average learning sore for the non-VR partiipants (those who at-tended a leture on the data set rather than exploring it via the VE) was 23.14 with astandard deviation of 6.20. The lowest sore obtained was 16, and the highest was 34, i.e.a range of 18. A histogram of the VR partiipants' learning sores is given in Figure 34.6.2.2 E�et of Presentation Type and MapTo investigate the ombined e�et of presentation type and map provision on learning sores,a 2-way ANOVA would normally be used. However, there is no non-parametri equivalentto a 2-way ANOVA, so a replaement 3-step proess has been used (see Setion 4.8).Step 1 is to determine the e�et of presentation type on learning, by means of a Kruskal-Wallis ANOVA by Ranks. A signi�ant di�erene in learning sores was found (H=11.95633,p=.0025, �=0.05, as shown in Table 21), and hypothesis 1 of setion 6.1 is thus aepted.From this result, however, it annot be determined whih presentation group performeddi�erently to the other two, or whether this group performed better or worse, as thisrequires a post-ho test. The She��e test would be used when using parametri statistis,but when using non-parametri statistis, as now, a series of Mann-Whitney U tests are runbetween all possible ombinations of groups in order to tell where the signi�ant di�erene
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Figure 33: Histogram showing the learning sores for the VR partiipants. The solid urveindiates the expeted normal.

Figure 34: Histogram showing the learning sores for the non-VR partiipants. The solidurve indiates the expeted normal.



CHAPTER 6. STUDY 2 - LEARNING THE DATA SET 88H ( 2, N= 33) = 11.95633, p =.0025Valid N Sum of RanksDesktop 18 287.0000HMD 8 83.0000Leture 7 191.0000Table 21: Kruskal-Wallis ANOVA by ranks testing the e�et of presentation type on learn-ing. A signi�ant di�erene was found (indiated in bold, �=0.05).N NU Z p-level (leture) (HMD)Learning 0.00 3.240370 .001195 7 8Table 22: Mann-Whitney U test on the di�erene in learning sore between the leturegroup and the HMD group. A signi�ant di�erene was found (shown in bold, �=0.05).lies. The diretion of the di�erene is then determined by looking at a medians plot of therelevant groups. In this ase, the di�erene was found to be between the HMD and leturegroups (U<0.00, p<.001195 �=0.05, as shown in Table 22) and between the desktop andleture groups (U=19.00000, p=.007749, �=0.05, as shown in Table 23). From Figure 36 itis lear that the leture group performed better than the HMD group, and similarly for thedesktop group in Figure 35. The leture group thus outperformed both the VR groups.Step 2 in the 3-step proess is to determine the e�et of having a map on learning in theVR onditions, by means of a Mann-Whitney U test. The results are presented in Table24, but no signi�ant di�erenes were found and hypothesis 2 of setion 6.1 is thus rejeted.Having map of the VE therefore did not a�et learning.Step 3 is to determine whether there were any interations between presentation type(for HMD and Desktop) and having a map. This was done by means of a Kruskal-WallisANOVA by ranks. No signi�ant results were found, as shown in Table 25.6.2.3 E�et of Other VariablesBeause all three studies were run on the same group of partiipants, the orrelation betweenognitive mapping sores and learning sores an be investigated. A Spearman R orrelationbetween learning sore and the three ognitive mapping sores (Table 26) shows that ogni-tive mapping and learning were somewhat related. Learning was not orrelated with skethmap detail or sketh map auray, but was positively orrelated with way�nding sores(R=.429683, p=.032059, �=0.05). This means that those partiipants who performed worseat way�nding atually learned the underlying data set better than those who had performedN NU Z p-level (leture) (desktop)Learning 19.00000 2.663001 .007749 7 18Table 23: Mann-Whitney U test on the di�erene in learning sore between the leturegroup and the desktop group. A signi�ant di�erene was found (shown in bold, �=0.05).
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Figure 35: A box plot showing the median and quartile detail sores for the desktop andleture groups. The median sore for the leture group is greater than that of the desktopgroup.

Figure 36: A box plot showing the median and quartile detail sores for the HMD andleture groups. The median sore for the leture group is greater than that of the HMDgroup. N NU Z p-level (map) (no map)Learning 79.50000 .256410 .797636 13 13Table 24: Mann-Whitney U test on the e�et of having a map on learning sores. Nosigni�ant di�erenes were found.



CHAPTER 6. STUDY 2 - LEARNING THE DATA SET 90H ( 3, N= 26) = 4.836405, p =.1842Valid N Sum of Ranksdesktop-map 9 115.5000desktop-no-map 9 152.5000hmd-map 4 55.0000hmd-no-map 4 28.0000Table 25: Kruskal-Wallis ANOVA by ranks on the ombined display/map ategories forlearning (VR partiipants only). No signi�ant e�ets were found.Valid N Spearman R p-levelLearning & detail 26 .250431 .217229Learning & auray 26 -.112068 .585714Learning & way�nding 25 .429683 .032059Table 26: Spearman R and p values for the relationship between learning and the threeognitive mapping sores. A signi�ant positive relationship was found between learningand way�nding (marked in bold, �=0.05), whih means that better learning orrelates withworse way�nding performane.better at way�nding, and that learning was negatively orrelated to way�nding performane.No emotional fators orrelated to learning sores, and neither did the sense of presene(Table 27).The perentage of the environment that was explored did not a�et the learning sore,nor did the perentage of time that the map was displayed. The amount of time spent inthe environment did not a�et the learning sore either (see Table 28 for all these results).Neither orienteering experiene (Table 29), tehnial drawing experiene (Table 30),maths skills (Table 31) nor transport method (Table 32) orrelated with learning sores.ESAT sores were signi�antly and positively orrelated with learning sores (R=.450356,p=.020959, �=0.05, as shown in Table 33). Neither age (Table 34) nor gender (Table 35)a�eted learning sore (for both the VR and non-VR groups).Valid N Spearman R p-levelPresene & learning 26 .003095 .988028Enjoyment & learning 26 .229372 .259674Fear & learning 26 -.243562 .230524Surprise & learning 26 .340068 .089165Shyness & learning 26 -.197567 .333326Interest & learning 26 .094514 .646050Distress & learning 26 -.319728 .111331Table 27: Spearman R and p values for the relationship between the psyhologial fatorsand learning. No signi�ant relationships were found.



CHAPTER 6. STUDY 2 - LEARNING THE DATA SET 91Valid N Spearman R p-levelPerent explored & learning 26 .121120 .555594Perent map on & learning 26 -.083000 .686873Time & learning 26 .094305 .646784Table 28: Spearman R and p values for the relationships between the perentage of theenvironment explored, the perentage of time that the map was displayed for, the amountof time spent in the VE, and learning. No signi�ant relationships were found.N NU Z p-level (no orienteering) (orienteering)Learning 51.00000 -1.52843 .126415 16 10Table 29: Mann-Whitney U test on the e�et of orienteering experiene on learning sores.No signi�ant di�erenes were found. N NU Z p-level (no teh draw) (teh draw)Learning 59.50000 -1.08044 .279952 16 10Table 30: Mann-Whitney U test on the e�et of tehnial drawing experiene on learningsores. No signi�ant di�erenes were found.H ( 3, N= 26) = 5.441140, p =.1422Valid N Sum of Ranks1st year university ourse 3 37.00002nd year university ourse 10 117.50003rd year university ourse 10 175.0000Postgraduate maths ourse 3 21.5000Table 31: Kruskal-Wallis ANOVA by ranks on the e�et of maths level on learning. Nosigni�ant e�ets were found.H ( 3, N= 25) = 1.971611, p =.5783Valid N Sum of RanksWalking 6 96.50000Publi transport 8 85.50000Driving (driver) 6 89.00000Driving (passenger) 6 80.00000Table 32: Kruskal-Wallis ANOVA by ranks on the e�et of transportation method onlearning. No signi�ant e�ets were found.Valid N Spearman R p-levelESAT & Learning 26 .450356 .020959Table 33: Spearman R and p values for the relationships between spatial abilities andlearning. A signi�ant relationship was found (marked in bold, �=0.05).



CHAPTER 6. STUDY 2 - LEARNING THE DATA SET 92Valid N Spearman R p-levelAge & learning 25 -.029630 .888190Table 34: Spearman R and p values for the relationship between age and learning. Nosigni�ant relationships were found.U Z p-level N (male) N (female)Learning 77.00000 -.360041 .718819 14 12Table 35: Mann-Whitney U test on the e�et of gender on learning sores. No signi�antdi�erenes were found.6.3 Disussion of Results6.3.1 Absorbing and Comprehending the Data SetThis study has shown that while it is possible for visitors to a VE to absorb the data setunderlying the layout of the VE, the results obtained vary greatly between individuals (thesores varied between 4 and 31, where the maximum possible sore was 36). While somepartiipants did very well on the learning test, others did very badly, and as Figure 33shows, most VR partiipants sored less than 50%. By omparison, the learning sores forthe non-VR partiipants had a range of only 18, and most partiipants sored more than50% (see Figure 34).6.3.2 E�et of Presentation Type and MapA Kruskal-Wallis ANOVA by Ranks on�rms that the leture group performed signi�antlybetter than either of the VR groups, although within the VR groups there was no di�erenebetween those who used a desktop system and those who used an immersive system, norwas there a di�erene between those who had a map of the VE and those who did not.Moreover, there was no interation between display system and having a map or not.The lak of display system e�et is enouraging, as it implies that heaper desktopsystems an be used instead of expensive and diÆult to install immersive systems, andit is also enouraging that some partiipants did manage to learn the data set throughVE exploration. The fat that the VR partiipants performed signi�antly worse than theleture group is disouraging | for the spatial learning method to be useful in teahingthe general publi, it must give satisfatory results for the majority of people and mustpreferably give results at least as good as onventional teahing methods, suh as letures.6.3.3 E�et of Other VariablesPartiipants' learning sores did not orrelate with their sketh map sores, but did orrelatepositively with their way�nding sores. This is perplexing, beause higher way�nding soresmean worse way�nding performane, and thus better way�nding performane implies worselearning performane. A possible explanation for this is that partiipants who performedwell at way�nding put more e�ort into �nding their way, and were paying more attentionto the struture of the VE and the features that helped them to �nd their way around(suh as the tokens that the task foused on, whih were more visible than the data posters



CHAPTER 6. STUDY 2 - LEARNING THE DATA SET 93| espeially one the tokens were ativated (see Setion 4.4.1)), thus leaving fewer mentalresoures available for them to remember the data points and their relationships.No emotions were related to the learning sores, whih means that positive emotions didnot ontribute to learning, but neither did negative emotions detrat from it. Conversely,it also implies that learning well did not evoke positive emotions, and that learning badlydid not evoke negative emotions.Presene sores did not orrelate to learning sores either, whih means that feelingthat one is in a real plae does not help one to absorb the data underlying the layout of theplae. This is a fortunate result in that it shows that sophistiated and expensive immersivesystems, thought to indue presene [31, 85℄, are not neessary to obtain results from thespatial learning method.Surprisingly, the amount of the environment that was explored did not a�et the learningsore, even though it did a�et the amount of detail drawn on the sketh maps (see Setion5.3.3). This is possibly beause partiipants remembered only a relatively small subsetionof the data set even when they had explored the entire environment.The perentage of time that the map was displayed for (in the ase of those partiipantswho were provided with a map) did not a�et the learning sore, on�rming the �ndingthat having a map did help with learning (Setion 6.3.2).The amount of time spent in the environment did not a�et learning either, whihimplies that visitors do not have to spend long periods of time in the VE as shorter periodsprodue the same results.Orienteering experiene, tehnial drawing experiene, maths skills and transportationmethod all had no e�et on learning, although partiipants with better spatial abilities didlearn the underlying data set better.Finally, neither gender nor age a�eted learning, implying that the spatial learningmethod works equally well for all (note, however, that the youngest partiipant was 18years old, and that results may well di�er for hildren | refer to Setion 2.3.7).



Chapter 7Study 3 - Psyhologial Impat7.1 AimsThis study investigated the impat of the use of a VR system (whether desktop-based orimmersive) on a visitor's emotions (and whether these e�ets were due simply to the noveltyof the situation or whether they would also be felt by those with more experiene in VR) |not just in terms of their e�et on learning, but also beause of the e�et of these emotionson the partiipants. It also ompared the emotions evoked by the VR system used in thespatial learning method with the emotions evoked by a onventional presentation of thedata set, and investigated another aspet of the visitor's psyhologial experiene, namelythat of presene.The �rst setion of this study was an experimental study, with four hypotheses:1. presentation style (HMD VR system, desktop VR system, and onventional leture)would a�et the emotions of the partiipants;2. providing VR partiipants with a dynami You-Are-Here map showing their positionand orientation would a�et their emotions;3. within the VR onditions, the display type would a�et the sense of presene of thepartiipants;4. providing VR partiipants with a dynami You-Are-Here map showing their positionand orientation would a�et their sense of presene.The possibility of an interation between presentation type and map provision was alsobe investigated.The seond setion of the study was a relational study in whih the relationships be-tween various variables and the emotions and sense of presene of the VR partiipants wereinvestigated, namely:� ognitive mapping (positive emotions may help with ognitive mapping, as may thesense that one is in a real plae);� learning (positive emotions may enhane learning, as may the sense that one is in areal plae); 94



CHAPTER 7. STUDY 3 - PSYCHOLOGICAL IMPACT 95� time spent in the VE (those who spent more time in the VE may have felt morepositive emotions, or may have beome despondent and felt more negative emotions;also, the sense of presene may be a�eted by the amount of time spent in the VE);� the perentage of the environment explored (those who explored only a small part ofthe VE may have beome frustrated and felt more negative emotions);� whether or not they �nished the task (those who did not manage to �nish the taskmay have felt negative emotions);� previous VR/gaming experiene (those who have previous experiene will not displayany novelty e�et in their emotions or sense of presene);� gender (there may be a gender e�et on emotions and presene)� age (there may be an age e�et on emotions and presene).Finally, the relationship between the emotions felt by partiipants and their sense ofpresene was investigated.The design of this study and the proedure followed in implementing it is as desribedin Chapter 4, as are the measures used.7.2 ResultsThe emotions measured were enjoyment, fear, surprise, shyness, interest, and distress. Par-tiipants were asked to rate the intensity to whih they felt eah emotion, and sores for eahemotion ould vary from 0 to 15. For the VR partiipants, the average sore for fear was4.6538, for surprise 9.6923, for shyness 6.1538, for interest 12.9231, for enjoyment 10.69231and for distress 6.5769. For the partiipants who attended the leture instead of exploringthe VE, the average sore for fear was 3.57143, for surprise 9.00000, for shyness 4.85714,for interest 11.57143, for enjoyment 8.571429 and for distress 5.42857.Presene sores ould range from 0 (they didn't feel present in the VE at all) to 224(they felt very strongly present in the VE). The average presene sore was 112.7308.7.2.1 E�et of Presentation Type and MapTo investigate the ombined e�et of presentation type and map provision on emotions, a2-way ANOVA would normally be used. However, there is no non-parametri equivalent toa 2-way ANOVA, so a replaement 3-step proess has been used (see Setion 4.8).Step 1 is to determine the e�et of presentation type on emotions, by means of a Kruskal-Wallis ANOVA by Ranks. The omplete results are shown in Table 36, but no signi�antdi�erenes were found between the desktop, HMD and leture groups. Hypothesis 1 ofsetion 7.1 is thus rejeted.
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Enjoyment:H ( 2, N= 33) = 2.761139, p =.2515Valid N Sum of RanksDesktop 18 331.0000HMD 8 148.5000Leture 7 81.5000Fear:H ( 2, N= 33) = 1.990149, p =.3697Valid N Sum of RanksDesktop 18 309.0000HMD 8 157.0000Leture 7 95.0000Surprise:H ( 2, N= 33) = .4431117, p =.8013Valid N Sum of RanksDesktop 18 323.5000HMD 8 130.0000Leture 7 107.5000Shyness:H ( 2, N= 33) = 2.961973, p =.2274Valid N Sum of RanksDesktop 18 298.0000HMD 8 171.5000Leture 7 91.5000Interest:H ( 2, N= 33) = 4.534734, p =.1036Valid N Sum of RanksDesktop 18 333.0000HMD 8 156.0000Leture 7 72.0000Distress:H ( 2, N= 33) = 1.305822, p =.5205Valid N Sum of RanksDesktop 18 302.0000HMD 8 159.0000Leture 7 100.0000Table 36: Kruskal-Wallis ANOVA by ranks on the e�et of presentation type on the emotionsof partiipants. No signi�ant e�ets were found.



CHAPTER 7. STUDY 3 - PSYCHOLOGICAL IMPACT 97N NU Z p-level (map) (no map)Enjoyment 80.00000 -.23077 .817496 13 13Fear 66.00000 .94872 .342771 13 13Surprise 75.50000 -.46154 .644415 13 13Shyness 71.00000 -.69231 .488749 13 13Interest 72.50000 -.61538 .538305 13 13Distress 62.50000 -1.12821 .259242 13 13Table 37: Mann-Whitney U test on the e�et of having a map on the emotions of thepartiipants.Step 2 in the 3-step proess is to determine the e�et of having a map on emotions (forthe VR partiipants), by means of a Mann-Whitney U test. Again, no signi�ant di�ereneswere found (Table 37), and hypothesis 2 of setion 7.1 is thus rejeted.Step 3 is to determine whether there were any interations between presentation type(for HMD and Desktop) and having a map. This was done by means of a Kruskal-WallisANOVA by ranks (see the results in Table 38). Two signi�ant results were found, for fear(H=8.660244, p=.0342, �=0.05) and for distress (H=8.649237, p=.0344, �=0.05). However,these �gures merely indiate that at least one of the four groups was signi�antly di�erentto the other groups, and do not tell us whih group(s) or in whih diretion the di�erenelies. For this, the She��e test would be used when using parametri statistis, but whenusing non-parametri statistis, as now, this option is not available. Instead, a series ofMann-Whitney U tests are run between all possible ombinations of groups in order to tellwhere the signi�ant di�erene lies. The diretion of the di�erene is then determined bylooking at a medians plot of the relevant groups. In this ase, the di�erene was found tobe between the desktop-map and desktop-no-map groups (U=16.50, p=.034077, �=0.05),and between the desktop-no-map and hmd-no-map groups (U=5.00, p=.044871, �=0.05)for fear (see Table 39), and between desktop-map and hmd-no-map (U=4.50, p=.037250,�=0.05), desktop-no-map and hmd-no-map (U=3.00, p=.020644, �=0.05), and hmd-mapand hmd-no-map (U=.00, p=.020928, �=0.05) for distress (see Table 40). Figure 37 showsthat the desktop-map group felt more fear than the desktop-no-map group, while Figure38 shows that the desktop-no-map group felt less fear than the hmd-no-map group. Fordistress, Figure 39 shows that the desktop-map group felt less distress than the hmd-no-map group, Figure 40 shows that the desktop-no-map group felt less distress than thehmd-no-map group, and Figure 41 shows that the hmd-map group felt less distress thanthe hmd-no-map group. These results are summarized in Table 41.



CHAPTER 7. STUDY 3 - PSYCHOLOGICAL IMPACT 98Enjoyment:H ( 3, N= 26) = 2.655541, p =.4478Valid N Sum of Ranksdesktop-map 9 103.0000desktop-no-map 9 138.0000hmd-map 4 68.0000hmd-no-map 4 42.0000Fear:H ( 3, N= 26) = 8.660244, p =.0342Valid N Sum of Ranksdesktop-map 9 150.0000desktop-no-map 9 81.5000hmd-map 4 44.0000hmd-no-map 4 75.5000Surprise:H ( 3, N= 26) = .5086662, p =.9170Valid N Sum of Ranksdesktop-map 9 115.0000desktop-no-map 9 134.5000hmd-map 4 51.5000hmd-no-map 4 50.0000Shyness:H ( 3, N= 26) = 6.869970, p =.0762Valid N Sum of Ranksdesktop-map 9 121.0000desktop-no-map 9 100.5000hmd-map 4 41.0000hmd-no-map 4 88.5000Interest:H ( 3, N= 26) = .4382002, p =.9322Valid N Sum of Ranksdesktop-map 9 112.5000desktop-no-map 9 127.5000hmd-map 4 51.0000hmd-no-map 4 60.0000Distress:H ( 3, N= 26) = 8.649237, p =.0344Valid N Sum of Ranksdesktop-map 9 123.0000desktop-no-map 9 107.0000hmd-map 4 30.5000hmd-no-map 4 90.5000Table 38: Kruskal-Wallis ANOVA by ranks on the ombined display/map ategories foremotions felt by partiipants. Signi�ant e�ets are marked in bold (�=0.05).



CHAPTER 7. STUDY 3 - PSYCHOLOGICAL IMPACT 99N NU Z p-level (desktop-map) (desktop-no-map)Fear 6.50000 2.119252 .034077 9 9N NU Z p-level (desktop-no-map) (hmd-no-map)Fear 5.000000 -2.00594 .044871 9 4Table 39: Mann-Whitney U tests to pinpoint the di�erene in fear between the four VRgroups. Only the two signi�ant results are shown (indiated in bold, �=0.05).

Figure 37: A box plot showing the median and quartile fear sores for the desktop-map anddesktop-no-map groups. Those with a map felt more fear.N NU Z p-level (desktop-map) (hmd-no-map)Distress 4.500000 -2.08310 .037250 9 4N NU Z p-level (desktop-no-map) (hmd-no-map)Distress 3.000000 -2.31455 .020644 9 4N NU Z p-level (hmd-map) (hmd-no-map)Distress 0.00 -2.30940 .020928 4 4Table 40: Mann-Whitney U tests to pinpoint the di�erene in distress between the four VRgroups. Only the three signi�ant results are shown (indiated in bold, �=0.05).
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Figure 38: A box plot showing the median and quartile fear sores for the desktop-no-mapand hmd-no-map groups. Those with using the HMD felt more fear.

Figure 39: A box plot showing the median and quartile distress sores for the desktop-mapand hmd-no-map groups. The hmd-no-map group were signi�antly more distressed.
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Figure 40: A box plot showing the median and quartile distress sores for the desktop-no-map and hmd-no-map groups. Those using the HMD felt signi�antly more distressed.

Figure 41: A box plot showing the median and quartile distress sores for the hmd-mapand hmd-no-map groups. Those with a map felt signi�antly less distressed.



CHAPTER 7. STUDY 3 - PSYCHOLOGICAL IMPACT 102Fear Distressdesktop-map vs desktop-no-map >desktop-map vs hmd-mapdesktop-map vs hmd-no-map <desktop-no-map vs hmd-mapdesktop-no-map vs hmd-no-map < <hmd-map vs hmd-no-map <Table 41: A summary of the interation between map and display type for those emotionswhere a signi�ant di�erene was found. A < indiates that partiipants in the �rst ondi-tion felt signi�antly less of the relevant emotion than those in the seond ondition, whilea > indiates that partiipants in the �rst ondition felt signi�antly more of the relevantemotion than those in the seond ondition. N NU Z p-level (desktop) (HMD)Presene 52.00000 1.111111 .266529 18 8Table 42: Mann-Whitney U test on the di�erene in presene between the desktop andHMD groups. No signi�ant di�erene was found.To determine the e�et of display system and map on the sense of presene, the same3-step proess is followed.Step 1 is to determine the e�et of display system on presene, by means of a Mann-Whitney U test. The omplete results are shown in Table 42, but no signi�ant results werefound, and hypothesis 3 of setion 7.1 is thus rejeted.Step 2 is to determine the e�et of having a map on presene, also by means of a Mann-Whitney U test. The results are presented in Table 43, but no signi�ant di�erenes werefound. Hypothesis 4 of setion 7.1 is thus rejeted.Step 3 is to determine whether there were any interations between display type andhaving a map. This was done by means of a Kruskal-Wallis ANOVA by ranks. Again, nosigni�ant results were found, as shown in Table 44.7.2.2 E�et of Other VariablesCognitive mapping sores were found to be related to some emotional aspets. Fear andsurprise were negatively orrelated with sketh maps auray (R=-.404995, p=.040131 forfear; R=-.556910, p=.003125 for surprise) and shyness negatively orrelated with skethmap detail (R=-.493673, p=.010376). No other relationships between psyhologial fatorsN NU Z p-level (map) (no map)Presene 79.50000 .256410 .797636 13 13Table 43: Mann-Whitney U test on the di�erene in presene between the map and no-mapgroups. No signi�ant di�erene was found.



CHAPTER 7. STUDY 3 - PSYCHOLOGICAL IMPACT 103H ( 3, N= 26) = 5.104796, p =.1643Valid N Sum of Ranksdesktop-map 9 110.5000desktop-no-map 9 152.5000hmd-map 4 60.0000hmd-no-map 4 28.0000Table 44: Kruskal-Wallis ANOVA by ranks on the ombined display/map ategories forpresene. No signi�ant e�ets were found.

Figure 42: A box plot showing the median and quartile shyness sores for those who didand did not �nish the task. Those who �nished felt less shyness.and ognitive mapping aspets were found, inluding the sense of presene (see Table 45).Learning sores did not orrelate with any emotional fators, and neither did they or-relate with the sense of presene (Table 46).The amount of time spent in the environment orrelated positively with shyness (R=.437397,p=.025448, �=0.05), although not with any other emotions or the sense of presene (seeTable 47).The perentage of the environment explored was negatively orrelated with distress(R=-.427834, p=.029235, �=0.05), but did not orrelate with any other emotions or thesense of presene (Table48).Finishing the task was not related to presene, but was found to be related to shyness(U=24.00000, p=.028467, �=0.05) and distress (U=21.50000, p=.019134, �=0.05). Theseresults are shown in Table 49, but are not suÆient to indiate the diretion of the rela-tionship. Figure 42 shows that �nishing the task was resulted in less shyness, while Figure43 shows that not �nishing the task resulted in more distress.The only emotion that was found to orrelate with previous VR/gaming experiene was
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Valid N Spearman R p-levelPresene & detail 26 .293957 .144949Presene & auray 26 .071460 .728667Presene & way�nding 25 -.020019 .924330Enjoyment & detail 26 .049232 .811237Enjoyment & auray 26 -.202989 .319958Enjoyment & way�nding 25 -.250343 .227444Fear & detail 26 -.252398 .213520Fear & auray 26 -.404995 .040131Fear & way�nding 25 -.089613 .670118Surprise & detail 26 -.003822 .985218Surprise & auray 26 -.556910 .003125Surprise & way�nding 25 .120088 .567474Shyness & detail 26 -.493673 .010376Shyness & auray 26 -.367625 .064654Shyness & way�nding 25 .037036 .860484Interest & detail 26 .160716 .432857Interest & auray 26 -.148283 .469728Interest & way�nding 25 -.054980 .794075Distress & detail 26 -.338201 .091048Distress & auray 26 -.316838 .114783Distress & way�nding 25 .086649 .680456Table 45: Spearman R and p values for the relationship between psyhologial fators (pres-ene and emotions) and the three ognitive mapping sores. Signi�ant negative orrelationswere found between fear and detail, surprise and detail, and shyness and auray (markedin bold, �=0.05).
Valid N Spearman R p-levelPresene & learning 26 .003095 .988028Enjoyment & learning 26 .229372 .259674Fear & learning 26 -.243562 .230524Surprise & learning 26 .340068 .089165Shyness & learning 26 -.197567 .333326Interest & learning 26 .094514 .646050Distress & learning 26 -.319728 .111331Table 46: Spearman R and p values for the relationship between the psyhologial fatorsand learning. No signi�ant relationships were found.
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Valid N Spearman R p-levelPresene & time 26 -.273257 .176795Enjoyment & time 26 .165979 .417737Fear & time 26 .01830 .929291Surprise & time 26 .353920 .076094Shyness & time 26 .437397 .025448Interest & time 26 .166519 .416205Distress & time 26 .303858 .131268Table 47: Spearman R and p values for the relationship between the psyhologial fatorsand time spent in the VE. A signi�ant relationship was found between exposure time andshyness (marked in bold, �=0.05).

Valid N Spearman R p-levelPresene & perent explored 26 .141990 .488988Enjoyment & perent explored 26 -.162965 .426363Fear & perent explored 26 -.142717 .486741Surprise & perent explored 26 -.290767 .149567Shyness & perent explored 26 -.311902 .120863Interest & perent explored 26 -.261892 .196214Distress & perent explored 26 -.427834 .029235Table 48: Spearman R and p values for the relationship between the psyhologial fatorsand perentage of the environment explored. A signi�ant relationship was found betweenperent explored and distress (marked in bold, �=0.05).
N NU Z p-level (not �nished) (�nished)Presene 49.50000 -.639010 .522821 6 20Enjoyment 35.00000 1.521452 .128156 6 20Fear 58.50000 -.091287 .927265 6 20Surprise 30.50000 1.795313 .072613 6 20Shyness 24.00000 2.190890 .028467 6 20Interest 59.00000 .060858 .951473 6 20Distress 21.50000 2.343035 .019134 6 20Table 49: Mann-Whitney U test on the di�erene in psyhologial e�ets between thosepartiipants who �nished the task and those who didn't. Signi�ant di�erenes were foundfor shyness and distress (marked in bold, �=0.05).
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Figure 43: A box plot showing the median and quartile distress sores for those who didand did not �nish the task. Those who �nished felt less distressed.Valid N Spearman R p-levelPresene & gaming experiene 26 .507289 .008165Enjoyment & gaming experiene 26 .184515 .3668683Fear & gaming experiene 26 -.487790 .011476Surprise & gaming experiene 26 .098686 .631492Shyness & gaming experiene 26 -.111185 .588693Interest & gaming experiene 26 -.189683 .353359Distress & gaming experiene 26 -.366018 .065922Table 50: Spearman R and p values for the relationship between the psyhologial fatorsand previous gaming/VR experiene. A signi�ant relationship was found between gamingexperiene and fear (marked in bold, �=0.05).fear (R=-.487790, p=.011476, �=0.05, as shown in Table 50). This was a negative orre-lation, showing that novies felt more fear than those with previous experiene. Preseneorrelated positively with gaming experiene, showing that presene is most likely not anovelty e�et (also shown in Table 50).No relationships were found between emotions and age or presene and age (Table 51),nor were any relationships found between gender and emotions or presene (Table 52.Finally, the sense of presene itself orrelated with enjoyment, although not with any ofthe other emotions (Table 53).
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Valid N Spearman R p-levelPresene & age 25 -.055482 .792236Enjoyment & age 25 -.044284 .833521Fear & age 25 .105146 .616929Surprise & age 25 .163493 .434869Shyness & age 25 -.022316 .915679Interest & age 25 .173400 .407150Distress & age 25 .296080 .150700Table 51: Spearman R and p values for the relationship between the psyhologial fatorsand age. No signi�ant relationships were found.

N NU Z p-level (male) (female)Presene 74.50000 .488627 .625109 14 12Enjoyment 68.50000 -.797234 .425321 14 12Fear 83.00000 -.051434 .958980 14 12Surprise 71.50000 -.642931 .520274 14 12Shyness 78.50000 -.282889 .777263 14 12Interest 80.50000 .180021 .857138 14 12Distress 74.00000 -.514345 .607015 14 12Table 52: Mann-Whitney U test on the di�erene in psyhologial e�ets between genders.No signi�ant di�erenes were found.
Valid N Spearman R p-levelEnjoyment & presene 26 .418296 .033452Fear & presene 26 -.218857 .282750Surprise & presene 26 .310324 .122854Shyness & presene 26 -.185904 .363208Interest & presene 26 .174994 .392530Distress & presene 26 -.291661 .148262Table 53: Spearman R and p values for the relationship between the sense of presene andemotions. A signi�ant relationship was found between presene and enjoyment (markedin bold, �=0.05).



CHAPTER 7. STUDY 3 - PSYCHOLOGICAL IMPACT 1087.3 Disussion of Results7.3.1 E�et of Presentation Type and MapThe presentation type did not a�et partiipants' emotions. This means that the VRexperienes were not more interesting or enjoyable than the leture experiene, whih issurprising. Fortunately, though, the VR experienes did not indue any more negativeemotions than the leture, either, whih means that VR partiipants were at least not moreafraid and distressed than those who attended the leture.Having a map did not a�et emotions, either, showing those who did not have a mapdid not feel more distressed than those who did.There was, however, an interation between VR display type and having a map. Thosewho used the desktop system without a map felt more fear than those using the desktopsystem with a map, and out of those who did not have a map the partiipants usingthe HMD felt more fear than those using the desktop system. It is therefore possible tosurmise that not having a map left partiipants feeling lost and helpless, and that thise�et was more pronouned with those using the HMD as ontat with the real world islessened while wearing earphones and an HMD. In addition, those partiipants who usedthe desktop system with a map felt far less distress than those who used the desktop systemwithout a map (the two extremes of the on�dene spetrum), those who used the desktopwithout a map felt more distressed than those who used the HMD without a map (again,the HMD isolates the user from the real world, magnifying feelings of being lost and alone),and within those who used the HMD those with a map felt less distressed than those whodid not have a map (the map providing a reassuring anhor).The display type (i.e. HMD or desktop) did not a�et the sense of presene, however,and neither did having a map. In addition, there were no interations between display typeand having a map for presene | in other words, there was no di�erene in presene betweenthe ombined onditions of desktop-map, desktop-no-map, hmd-map, and hmd-no-map.7.3.2 E�et of Other VariablesFear and surprise were negatively orrelated with auray of the sketh maps, while shynesswas negatively orrelated with the amount of detail. While these negative orrelation annotjustify reduing the amount of shyness, fear and surprise in order to inrease ognitivemapping, the spatial learning method an be more easily onsidered to be suessful ifusers do not experiene negative emotions during the session.Presene was not related to any of the ognitive mapping sores or learning sores,whih implies that expensive, immersive, presene-induing systems are not neessary forthe suess of the spatial learning method. This orroborates �ndings by Darken et al whofound that spatial knowledge aquisition was not a�eted by presene [19℄.Learning sores were not assoiated with any emotions, whih is fortunate in that ifpartiipants do experiene negative emotions, it will not a�et the absorption and ompre-hension of the data set underlying the layout of the VE.The amount of shyness felt by partiipants was found to be orrelated with the amountof time they spent in the VE. It is not possible to tell, however, whether partiipants feltshy beause they were taking a longer time to �nish the task, or whether they took longerto �nish the task beause they were shy and hesitant.



CHAPTER 7. STUDY 3 - PSYCHOLOGICAL IMPACT 109Inreased shyness was also found to be assoiated with not �nishing the task. Again,it is not statistially possible to tell whether partiipants felt shy beause they ould not�nish the task, or whether inreasing shyness prevented them from �nishing the task.Distress was assoiated with the amount of the environment explored. Again, it isimpossible to determine statistially whether distress aused less of the environment to beexplored, or whether partiipants felt distressed beause they were stuk in a small part ofthe VE. However, the latter is more likely than the former, beause otherwise one wouldexpet a orrelation with time (i.e. if partiipants were distressed beause they ouldn't�nd the rest of the tokens used in the task beause they only disovered a small portion ofthe environment, they would surely give up and ask to leave (as some partiipants did, butnot in statistially signi�ant quantities).Partiipants with previous gaming experiene felt less fear and more presene thannovies to 3D virtual environments, but did not feel less enjoyment or surprise, showingthat the emotional reations to the VR experiene are stable and unlikely to be merely anovelty e�et.Presene itself orrelated with enjoyment, although not with any of the other emotions.A possible explanation for this is that partiipants who were enjoying themselves let go oftheir physial surroundings more easily and were more willing to aept the reality of thevirtual plae.



Chapter 8ConlusionThe aim of this dissertation was to introdue the spatial learning method as an alternativeto onventional ways of presenting data sets, and to present a set of exploratory studiesdesigned to investigate whether or not this new teahing method is feasible. The ultimateaim was to either reommend the spatial learning method and provide reommendations asto what equipment would be needed and what other fators need to be onsidered, or toeliminate the method as a feasible learning option.8.1 ConlusionsStudy 1 showed in Chapter 5 that while it is possible to form a ognitive map of a virtualenvironment within a relatively short period of time, the ognitive maps thus formed are notof very good quality in terms of way�nding ability and sketh map auray and detail. Ifthe theory behind the spatial learning method is orret, then partiipants should not havebeen able to learn the data set | and indeed, Study 2 (Chapter 6) showed that while somepartiipants did very well on the test on the data set, most sored less than 50%. However,Study 2 also showed that the ability to learn the data set underlying the struture of theVE was not signi�antly orrelated to sketh map sores. This may point towards a awin the use of sketh maps | it is possible that partiipants knew more detail about theenvironment than they thought was neessary to inlude on their sketh map (suh as thenames and loations of the gods).With regards to learning ability, Study 2 showed that the learning of the underlyingdata set varied greatly between partiipants, with some remembering almost all of thedata points and the relationships between them while others ould barely answer the mostrudimentary questions about the data set. Disouragingly, partiipants who attended theleture presentation performed signi�antly better on the learning test than the VR partii-pants, regardless of whether the VR partiipants used the HMD (with all the ideotheti uesavailable) or the desktop system, or whether they had a map to show them the strutureof the VE or not. This means that on average the spatial learning method is not even atleast as e�etive as onventional methods. However, the spatial learning method was nottotally ine�etive, as some VR partiipants did do very well on the mythology test.The �ndings in Study 3 (Chapter 7) were surprising in that they showed that theVR experiene was no more enjoyable or interesting than the leture, and neither were110



CHAPTER 8. CONCLUSION 111the negative emotions felt any less strongly. This seems ounter-intuitive, but demandharateristis may have played a role | the leture partiipants were paid volunteers andthus may have overrated their enjoyment and interest [56℄. Alternatively, the problem maylie in the fat that emotions were rated using a self-report sale. A ommon problem withself-report sales is that there is no lear baseline against whih to rate highly subjetivephenomena (suh as emotions), so, for example, the leture group may have rated theirleture enjoyment as lower if they had previously experiened the VR presentation andould ompare the two experienes. This theory is supported by anedotal evidene, asmany of the VR partiipants spontaneously remarked that they had fun during the session.An interesting result was that those partiipants who performed better at way�ndingatually performed worse in the learning test. It is possible that these partiipants were sofoused on the task of �nding the tokens that they stored only the information needed toreturn to any spei� token, and did not pay enough attention to their surroundings andespeially not to the posters in the rooms whih indiated whih room represented whihgod. They were therefore able to draw a reasonable sketh map of the area, but withoutreferene to the gods' loations, and without being able to answer the questions about thegods and their relationships.Another interesting and useful result was that using the immersive, head-traked VRsystem did not lead to better ognitive mapping (despite the extra ideotheti ues), did notlead to better learning sores, and in ertain ases (for example, when no map was available)aused more fear and distress than the desktop system. In addition, more partiipants feltdizzy and nauseous while using the HMD than the desktop, even though there were fewerpartiipants using the HMD, showing that the immersive system indues simulator siknessmore readily than the desktop system (this data was analyzed using a �2 ontingenytable, and was found to be statistially signi�ant | �2=5.610, p=.0179). Using the HMDtherefore is not only not bene�ial, it may atually be detrimental. This is a fortunate�nding in that immersive systems are more expensive than desktop systems, are less portablethan desktop systems, and are more diÆult to set up for eah individual user. If the spatiallearning method is to be used at exhibitions and in other temporary displays, a desktopsystem would be far easier to use.Another enouraging result was that the amount of time spent in the VE did not a�etognitive mapping or learning. This result implies that exposure times an be kept withinthe lower range of those in this study without a�eting the amount of learning.Study 1 and Study 2 showed that having a map did not improve either ognitive mappingor learning, whih adds more evidene to the map/no map ontroversy disussed in Setion2.4.6. This �nding also helps to improve the pratiability of non-linear spatiality, as one ofthe diÆulties with implementing and testing the use of non-linear spatiality in the spatiallearning method (Setion 3.5.3) is that these environments are topologially impossible inthe real world | whih means that it is very diÆult to draw a map of the environment toprovide to partiipants.Study 3 showed that the sense of presene was not related to ognitive mapping orlearning. This is again fortunate in that the systems whih are thought result in inreasedpresene are generally the immersive systems, whih are more expensive than simple desktopsystems (although in this study, the type of VR system used did not a�et presene at all).



CHAPTER 8. CONCLUSION 1128.2 ReommendationsWith the urrent �ndings it is diÆult to reommend the use of the spatial learning methodas a teahing tool. However, some of the results are enouraging, and it may be possible toimprove the method at least to the point where it ould be used a teahing aid to supplementonventional methods rather than replaing them.To do this, the learning rates would need to be improved, and while there will alwaysbe some range in the learning results, the extreme range found in this study would need tobe redued. Inreasing the amount of time spent in the VE would probably not improvelearning sores, as time spent and learning were found to be not assoiated. Equally,�nding a method to enourage partiipants to explore more of the environment would notbe e�etive as the perentage of the environment explored did not relate to learning, either.Way�nding sores were inversely related to learning sores, and a possible explanation forthis may point to a way to improve way�nding | it is possible that partiipants foused onthe items related to the task, and used these items as landmarks and to orient themselves,thus largely ignoring the items representing the data set. This explanation is supportedby real-time observation of the partiipants, whih shows that the partiipants start o�examining the data set items, but rapidly deteriorate into sanning rooms purely for thetask items and rarely look at the data set items at all. By integrating the task items and thedata items, the data itself beomes the fous of the task, and as this is what partiipantsseem to be paying the most attention to, reall of the data set items should be improved,thus improving the overall learning sores. It is important to bear in mind, however, thatwhile this hypothesis was suggested by the data gathered in this study, there is insuÆientinformation available to laim that this is the explanation for the inverse orrelation betweenway�nding performane and learning, and further studies would have be onduted to testwhether integrating the task and the data items would atually improve learning.Another possible ontributing fator to the low learning sores is suggested by anedotalevidene to the e�et that the names of the data items were diÆult to enuniate and thusto remember. Using a data set with more familiar items may help partiipants to rememberthe items and their names more easily, and thus also help to improve learning [2℄.To make the spatial learning experiene a positive one, ertain points must be borne inmind:1. if a desktop system is to be used, visitors should be provided with a map of the VE(when using a desktop system, partiipants felt more afraid if they were not providedwith a map of the VE than if they were given a map);2. if a map annot be provided, a desktop system is still reommended over a HMDsystem (out of partiipants did not have a map of the VE, those using HMDs weremore afraid than those using desktop systems);3. a desktop system with a map auses less distress than a HMD system without a map;4. HMD-based systems indue simulator sikness far more often than desktop-basedsystems;5. visitors with poor spatial abilities may not learn as well using the spatial learningmethod as others;



CHAPTER 8. CONCLUSION 1136. Novies to the VR experiene feel more fear than those who regularly play VR-stylegames, and so they may need more reassurane.The equipment reommended for the spatial learning method is a desktop system ratherthan an immersive one, due to the points mentioned above and the onlusions drawn above.While providing a map is not neessary for learning purposes, it is reommended to makethe experiene more positive.8.3 Future WorkWhile this initial investigation into the spatial learning method produed some disourag-ing results by showing that teahing via a leture produed better results than the spatiallearning method, there is enough evidene to suggest that some partiipants did learn thedata relationships from the VE. There are thus two major diretions whih further researhshould take. The �rst is to repeat the three studies reported here, but with the improve-ments noted above (suh as avoiding self-report sales for emotions, and integrating the taskwith the data set). Suh repliations should also fous on the �ndings that ontraditedestablished results (suh as those relating to the e�et of providing a map of the environ-ment on ognitive mapping), if possible �nding the measures used in previous studies andinorporating them into the studies under onsideration. This would help to determinewhether the established �ndings are upheld when their own measures are used, and wouldalso establish the relationship (if any) between those measures and the ones used in thesestudies.The seond diretion that future researh into the spatial learning method should takeis to ondut studies fousing on the issues not investigated in the three studies presentedin this dissertation. For example, di�erent data sets ould be ompared as to \learnability",suh as the di�erent types of data sets desribed in Setion 3.4. Further researh shouldalso be onduted into the onept of non-linear spatiality, whih was not investigated atall in these studies. Some interesting areas for further researh are designing non-linearenvironments, programming VR engines to deal with the neessary features (suh as tele-ports whih are transparent and hange destination depending on the path taken to reahthem), reating editing tools to help in the planning and reation of these environments,and exploring tehniques to reate intuitive maps of these types of environments.
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Appendix AQuestionnaire Data ColletionSreenshotsThis appendix ontains sreenshots of the digitally presented questionnaires, desribed inSetion 4.6.1

Figure 44: A sreenshot of the questionnaire administration program. This shows an ex-ample of the instrutions given to partiipants before eah setion.
121



APPENDIX A. QUESTIONNAIRE DATA COLLECTION SCREENSHOTS 122

Figure 45: A sreenshot of the questionnaire administration program. This shows a Likert-type question, where the user moves the slider bar to the appropriate position and thenliks on the button to ontinue to the next question. The user annot ontinue to the nextquestion without answering the urrent one.

Figure 46: Another sreenshot of the questionnaire administration program. This showsa multiple hoie question, where the user selets a radio button and then liks on thebutton to ontinue to the next question. The user must selet a radio button before theyare allowed to ontinue to the next question.
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Figure 47: Another sreenshot of the questionnaire administration program. This showsa multiple text entry question, where the user types their answers in the orrespondingboxes. Text must be entered in at least the �rst box before the user an ontinue to thenext question.



Appendix BDi�erential Emotions Sale (DES)This appendix ontains the Di�erential Emotions Sale. The instrutions at the top arethose as given to the partiipants. VR partiipants were told to move the slider to theappropriate position, and lik on the button to ontinue to the next question, while non-VR partiipants were told to plae a tik in the box ontaining the appropriate number foreah question.B.1 About Your FeelingsThis set of questions asks about your feelings during the session.There are 18 questions in this setion. Eah question will ask to you rate how intensely youfelt a partiular emotion during the session on a sale from 1 (Not at all) to 5 (Very muh).1. To what extent did you feel happy during the session?2. To what extent did you feel sared during the session?3. To what extent did you feel amazed during the session?4. To what extent did you feel fearful during the session?5. To what extent did you feel astonished during the session?6. To what extent did you feel sheepish during the session?7. To what extent did you feel afraid during the session?8. To what extent did you feel alert during the session?9. To what extent did you feel surprised during the session?10. To what extent did you feel downhearted during the session?11. To what extent did you feel attentive during the session?12. To what extent did you feel shy during the session?124



APPENDIX B. DIFFERENTIAL EMOTIONS SCALE (DES) 12513. To what extent did you feel delighted during the session?14. To what extent did you feel joyful during the session?15. To what extent did you feel bashful during the session?16. To what extent did you feel sad during the session?17. To what extent did you feel disouraged during the session?18. To what extent did you feel that you were onentrating during the session?



Appendix CPresene Questionnaire (PQ)This appendix presents the Presene Questionnaire given to the VR partiipants. Anhorpoints are given below eah question.C.1 Your Virtual Reality ExperieneThis setion asks you questions about your experiene in the Virtual Environment. Youwill have to indiate your answer on a sale from 1 to 7. Be areful to onsider the entirerange when making your responses, as the intermediate levels may apply.There are 32 questions in this setion.To answer the question, move the slider to the appropriate position, and then lik on thebutton to ontinue to the next question.1. How muh were you able to ontrol events?Not at all, Completely2. How responsive was the environment to ations that you initiated (or performed)?Not responsive, Completely responsive3. How natural did your interations with the environment seem?Extremely arti�ial, Completely natural4. How muh did the visual aspets of the environment involve you?Not at all, Completely5. How muh did the auditory aspets of the environment involve you?Not at all, Completely6. How natural was the mehanism whih ontrolled movement through the environ-ment?Extremely arti�ial, Completely natural7. How ompelling was your sense of objets moving through spae?Not at all, Very ompelling 126



APPENDIX C. PRESENCE QUESTIONNAIRE (PQ) 1278. How muh did your experienes in the virtual environment seem onsistent with yourreal world experienes?Not onsistent,Very onsistent9. Were you able to antiipate what would happen next in response to the ations thatyou performed?Not at all, Completely10. How ompletely were you able to atively survey or searh the environment usingvision?Not at all, Completely11. How well ould you identify sounds?Not at all, Completely12. How well ould you loalize sounds?Not at all, Completely13. How well ould you atively survey or searh the virtual environment using touh?Not at all, Completely14. How ompelling was your sense of moving around inside the virtual environment?Not ompelling, Very ompelling15. How losely were you able to examine objets?Not at all, Very losely16. How well ould you examine objets from multiple viewpoints?Not at all, Extensively17. How well ould you move or manipulate objets in the virtual environment?Not at all, Extensively18. How involved were you in the virtual environment experiene?Not involved, Completely engrossed19. How muh delay did you experiene between your ations and expeted outomes?No delays, Long delays20. How quikly did you adjust to the virtual environment experiene?Never did, Less than a minute21. How pro�ient in moving and interating with the virtual environment did you feelat the end of the experiene?Not pro�ient, Very pro�ient22. How muh did the visual display quality interfere or distrat you from performingassigned tasks or required ativities?Not at all, Prevented task performane



APPENDIX C. PRESENCE QUESTIONNAIRE (PQ) 12823. How muh did the ontrol devies interfere with the performane of assigned tasks orwith other ativities?Not at all, Interfered greatly24. How well ould you onentrate on the assigned tasks or required ativities ratherthan on the mehanisms used to perform those tasks or ativities?Not at all, Completely25. How ompletely were your senses engaged in this experiene?Not engaged, Completely engaged26. To what extent did events ourring outside the virtual environment distrat fromyour experiene in the virtual environment?Not at all, Very muh27. Overall, how muh did you fous on using the display and ontrol devies instead ofthe virtual experiene and experimental tasks?Not at all, Very muh28. Were you involved in the experimental task to the extent that you lost trak of time?Not at all, Completely29. How easy was it to identify objets through physial interation; like touhing anobjet, walking over a surfae, or bumping into a wall or objet?Impossible, Very easy30. Were there moments during the virtual environment experiene when you felt om-pletely foused on the task or environment?None, Frequently31. How easily did you adjust to the ontrol devies used to interat with the virtualenvironment?DiÆult, Easily32. Was the information provided through di�erent senses in the virtual environment(e.g., vision, hearing, touh) onsistent?Not onsistent, Very onsistent



Appendix DEveryday Spatial Abilities Test(ESAT)This appendix presents the Everyday Spatial Abilities Test given to the VR partiipants.Left anhor points were labelled \very bad", right anhor points were labelled \very good",with three intermediate levels (i.e. 5 in total)D.1 Spatial AbilitiesThis setion asks you to rate how good you are at ertain everyday ativities.There are 20 questions in this setion.Move the slider to the appropriate position, and lik on the button to ontinue to the nextquestion.1. How good are you at building simple objets using wood or ardboard?2. How good are you at passing an elementary physis ourse?3. How good are you at arranging objets in a balaned, spae-eÆient manner?4. How good are you at skething rough plans and designs?5. How good are you at making minor repairs on a house?6. How good are you at passing an elementary laboratory ourse in Chemistry?7. How good are you at paking and storing boxes and luggage quikly and eÆiently?8. How good are you at skething geometri designs?9. How good are you at following instrutions to assemble furniture or toys?10. How good are you at understanding graphs and harts in textbooks and magazines?11. How good are you at judging aurately how many objets an �t on a shelf?129



APPENDIX D. EVERYDAY SPATIAL ABILITIES TEST (ESAT) 13012. How good are you at drawing simple objets showing depth perspetive?13. How good are you at following plans for building models?14. How good are you at solving pratial problems using maths?15. How good are you at eÆiently arranging equipment or furniture?16. How good are you at passing an introdutory ourse in mehanial drawing?17. How good are you at working suessfully with hand tools?18. How good are you at using rulers, mirometers and other measuring devies?19. How good are you at arranging displays of objets tastefully?20. How good are you at drafting and designing things?



Appendix ETest on Data SetThis appendix ontains the questions given to partiipants to test their knowledge of the dataset. The instrutions at the top are those as given to the partiipants. The orret answersare given in italis below eah question.E.1 Family RelationshipsThis setion asks questions about the family relationships represented by the virtual envi-ronment.There are 14 questions in this setion.1. Who had the most hildren?Corret answer was Gaea and Uranus.2. Name two gods without any hildrenCorret answer was any two of Hades, Demeter, Hestia, Poseidon, Artemis, Apollo,Aphrodite.3. Was Coeus related to Phoebe?Corret answer was \yes".4. Was Gaea related to Chaos?Corret answer was \yes".5. Was Dione related to Phoebe?Corret answer was \yes".6. Was Apollo from the same generation as Artemis?Corret answer was \yes".7. Was Gaea from the same generation as Uranus?Corret answer was \no".8. Were Phoebe and Rhea from the same generation?Corret answer was \yes". 131



APPENDIX E. TEST ON DATA SET 1329. Was Iapetus Clymene's hild or partner?Corret answer was \partner".10. Was Uranus Gaea's hild or partner?Corret answer was both hild and partner - half marks were awarded for either one.11. Name 2 hildren (or grandhildren) of Aether.Any two of Gaea, Uranus, Coeus, Phoebe, Cronus, Rhea, Iapetus, Clymene, Leto,Hades, Demeter, Zeus, Hestia, Poseidon, Epimetheus, Artemis, Apollo, Aphrodite,Dione.12. Was Leto of the same generation as the hildren of Cronus and Rhea?Corret answer was \yes".13. Name two people who had only one parent.Corret answer was any two of Nyx, Uranus, and Dione.14. Name one person who had hildren with their own hild.Corret answer was any two of Chaos, Nyx, and Gaea.


