Cognitive Science DepartmentUniversity of California, San DiegoLa Jolla, CA 92093-0515rschul@crl.ucsd.edukirsh@cogsci.ucsd.eduT. Todd ElvinsDavid R. NadeauRina SchulDavid KirshSan Diego Supercomputer CenterUniversity of California, San DiegoLa Jolla, CA 92093-0505todd@sdsc.edunadeau@sdsc.eduWorldlets: 3D Thumbnails for 3D BrowsingABSTRACTDramatic advances in 3D Web technologies have recentlyled to widespread development of virtual world Webbrowsers and 3D content. A natural question is whether 3Dthumbnails can be used to find one’s way about such 3Dcontent the way that text and 2D thumbnail images are usedto navigate 2D Web content. We have conducted anempirical experiment that shows 3D thumbnails, which wecall worldlets, improve traveler’s landmark knowledge andexpedite wayfinding in virtual environments.Keywords: 3D thumbnails, wayfinding, VRML, virtualreality, empirical studyINTRODUCTIONAs the Web moves into 3D, the problem of finding one’sway to sites of interest is exacerbated. Currently URLs arerepresented on a page or menu by sentences as in Figure 1,or by 2D thumbnail images which depict some aspect of theURL as in Figure 2. It is reasonable to suppose that 3Dthumbnails -- or worldlets -- will soon come into use. Totest whether worldlets improve wayfinding we designed apsychological experiment aimed at answering the followingquestions:Figure 1. A Web page linking to alternativedestinations within a virtual world. On this page, thedestinations are represented with text.¥are menus of worldlets better than menus of textand 2D images for wayfinding ?¥what aspects of the wayfinding process are mostenhanced by the use of worldlets ?In the experiment subjects were placed at starting locationsin three virtual cities and asked to find their way to goallocations via a series of landmarks. In one city, thelandmarks were described with text, in another city thelandmarks were described using 2D thumbnail images, andin yet another city the landmarks were described usingmanipulable worldlets. We hypothesized that, compared totext and thumbnail images, worldlets would facilitatelandmark knowledge and expedite wayfinding.Figure 2. On this Web page, the destinations fromFigure 1 are represented as 2D thumbnail images.WAYFINDINGWayfinding is �the ability to find a way to a particularlocation in an expedient manner and to recognize thedestination when reached� [Peponis90]. To preventtravelers from becoming disoriented and lost, a world mustcontain useful wayfinding cues. Such cues enable a travelerto build a cognitive map of a region, and thereafter navigate

2using that map [Lynch60] [Passini92]. A cognitive map isbuilt from survey, procedural, and/or landmark knowledge.Survey knowledge provides a map-like, bird’s eye view of aregion and contains spatial information including locations,orientations, and sizes of regional features. Proceduralknowledge characterizes a region by memorized sequencesof actions that construct routes to desired destinations.Landmark knowledge records the visual features oflandmarks, including their 3D shape, size, texture, etc.[Appleyard69] [Goldin82].Although social and engineering scientists have studiedhuman wayfinding in the real world for many years[Lynch60] [Appleyard69] [Goldin82], [Downs73][Passini92] [Peponis90] [Presson84], only recently havecomputer scientists investigated this subject. Satalich[Satalich95] led human subjects on a tour of a virtualbuilding and then tested the subjects’ ability to find theirway to places seen during the tour. Darken [Darken96]applied Lynch’s city structure theories [Lynch60] to largesparsely featured virtual environments and then comparedsubjects’ ability to find their way to target destinations withand without the added city structure. Witmer [Witmer96]studied route learning and found that subjects whorehearsed a route in a virtual building learned the routebetter than subjects who rehearsed the route verbally.Although each of these studies recognized the value oflandmark knowledge for wayfinding, none studied the valueof landmarks in familiarizing subjects with an environmentbefore entering it.Virtual cities and landmarks3D models of large cities are becoming available forexploration via the Web [Liggett95] [Art+Com] [UCL].The studies just described showed that travelers visitingsuch large virtual environments for the first time are easilydisoriented, may have difficulty identifying a place uponarrival, and may not be able to find their way back to aplace just visited.We hypothesized that by enabling a traveler to becomefamiliar with landmarks before visiting an environment, thetraveler will be better prepared to: (1) find their way todestinations of interest, (2) recognize destinations uponarrival, and (3) find their way back to previously visitedplaces. More generally, we believe that directions are moreeffective if presented using landmarks, and specificallyusing 3D landmarks. This is in keeping with Wickens claimthat virtual environment search tasks are difficult because�often the object of the search is specified in a formatdifferent from and more abstract than its rendering in thevirtual environment.� [Wickens94] Worldlets address thisproblem by representing the object of the search in the same3D format as the virtual environment, thereby givingsearchers first-person experience with virtual worldlandmarks.WHAT ARE WORLDLETSIn two previous papers we described our preliminaryworldlet design, implementation, and pilot study[Elvins97a] [Elvins97b]. Like a 3D photograph, a worldletis associated with a viewing position and orientation, andcaptures a snapshot of the 3D shapes (usually landmarks)falling within the viewpoint’s viewing volumes. Worldletscan be explored and manipulated in the same way thatvirtual worlds can be explored and manipulated.Incorporated into a VRML browser, a guidebook or list ofworldlets enables a world traveler to view landmarks andlandmark context from multiple vantage points. Seeing thelandmarks presented in worldlets may help a traveler selectdestinations of interest and navigate unfamiliar worlds.Figure 3 depicts the process of constructing a sphericalworldlet from a fragment of a virtual city surrounding acentral viewpoint position. Once captured, worldlets can bebrowsed, manipulated, and explored in a number of ways.Figure 3. Construction of a worldlet. A virtual citylandmark (a) viewed from a vantage point, (b)showing the highlighted region to be captured fromabove (gas station is upper left), (c) captured within aspherical worldlet, and (d) viewed in the worldlet atstreet level.METHODSGeneral descriptionThe experiment was designed to test whether guidebooks ofworldlets are better for wayfinding than guidebooks of textand images, and if so, why are they better. A standardwithin-subject randomized design was used. Trainingbegan by reading subjects a series of instructions andteaching them how to operate the user interface in a practicethree block by three block virtual city. Next, subjects wereallowed to spend unlimited time in this city becomingfamiliar with the controls and the on-line guidebooks. Eachsubject was then asked to find their way to a brightlycolored goal kiosk, via one landmark, in three practicecities, each five blocks by five blocks. In one city, theguidebook represented each landmark with a paragraph oftext, in another city the landmarks were represented as 2Dthumbnail images, and in a third city the landmarks wererepresented in a spherical worldlet. The guidebooks onlycontained landmark information; subjects were given no

3procedural or survey information. Although the thumbnailand worldlet guidebook had the same appearance, as shownin Figure 4, the worldlets in the worldlet guidebook couldbe explored and manipulated.Figure 4. The image and worldlet guidebook lookedlike this, however, subjects were able to interactivelyexplore the worldlets in the worldlet guidebook.ParameterConstant valueComments

City dimensions10x10 blocks100 total blocks

Building lots perblock20 on perimeter ofblockbuilding footprintvaries

Distance from startto goal1200 meterspast 100 12 meter-wide lots

Landmarks percity9, including goalkioskordered inguidebooks

Distance betweenlandmarks1.5 blocks+/- 0.25 block

Travel speed5 meters/secondslow driving speed

Types oflandmarks81 of each kind ineach city

Turns required toreach goal5left and right turns

Radius ofinformation~20 meterssee city designsection

Landmarkpositions3 on corner, 5midblockgoal is midblock

Goal buildingyellow/red stripedkiosk6 sided, viewpointinvariant

Table 1. Although the arrangement of buildings,landmarks, and routes were different in each city,their basic structure in terms of city design andlandmark layout was kept constant to allow forcontrolled comparision. Subjects moved at a fixedspeed in all cities.After completing the practice tasks, the experiment beganand subjects were asked to find their way to the goal kioskvia eight ordered landmarks in three ten block by ten blockvirtual cities. Performance in these three cities was timedand the subject’s location, orientation, and actions wererecorded at one second intervals. Subjects visited the testcities in a random order to counterbalance possible learningeffects. Each of the cities and landmarks were different andunique.Before the computer portion of the experiment, subjectsfilled out a brief questionnaire on their prior experience withcomputers. After the experiment subjects answered writtenquestions about the strategies they used while finding theirway, and how difficult they found the task using each of theguidebooks. Subjects also completed spatial and verbalneuropsychological tests during a separate session.ConstantsThe major independent variable in this experiment was thetype of guidebook used (text, image, worldlet). Parametersconcerned with city design and landmark layout, asdescribed in Table 1, were held constant.City designOur primary goal in designing the virtual cities was topreserve as many elements of a real city as possible.Toward this goal we developed a pseudo-random citygenerator that produced cities based on a regular street gridwith pavement roads and sidewalks between the blocks.Each block contained up to twenty buildings, side-by-sidearound the block perimeter. Using a cache of 250 buildingdesigns, buildings were randomly selected and placed oncity blocks. Many non-landmark buildings were repeatedbetween and within the cities. Rendering requirements werereduced by programming buildings to make themselvesinvisible when farther than three blocks from the currentviewpoint. To prevent subjects from seeing buildingsturning on and off in the distance, we added fog to theenvironment.Cities contained parks, parking lots, and other civic featuresbut did not contain cars or street signs. The landmarks wereplaced so that a subject could not shortcut the route andwould never have to make an exhaustive search; i.e. as longas they carefully looked down each possible path forfamiliar landmarks and landmark context, they could alwaysdetermine in which direction to proceed. No landmarkswere located within one block of the perimeter wall thatsurrounded each city.Radius-of-informationRadius-of-information was the most difficult parameter tomake constant across the three guidebooks. Given that text,2D images, and worldlets are different representations, theydo not convey an equivalent quantity and quality oflandmark information. We determined, while building theguidebooks for the pilot study, that using a radius of twentymeters produced the most nearly equivalent set ofguidebooks. For the text guidebook this meant describingin words the landmark, the building or structure directlyacross the street, the building on each side, and whether thelandmark was on a corner or not. Thus our textualdescription of a landmark with a twenty meter radius read asfollows:Citgo Gas Station. Citgo’s red gas pumps are at acorner location. Next door is the Cafe 360 in a beigecolored building, and across the street is the LumbiniRestaurant in a red brick building.

4For the image guidebook, a twenty meter radius meantpositioning the camera across the street from the landmarkso that the captured thumbnail image would contain thebuildings or structures on the left and right of the landmark.For the worldlet guidebook, setting the information radiussimply meant setting the yon clip plane to cut away 3Dshapes further away than twenty meters while capturing aspherical worldlet. Image and worldlet camera locationswere selected so as not to suggest a direction of approach tothe landmark.Figure 5. The main city window.Hardware and software designThe experiment was conducted using a standard 19 inchSilicon Graphics monitor. Stereo glasses were not used. AVRML browser user interface was modified for theexperiment. A main city window displayed the city.Subjects used keyboard arrow keys to move forward andbackward a fixed distance on each key press, and to turn leftand right by a fixed angle on each key press. In the worldletguidebook, subjects used the arrow keys in the same mannerto move around in the worldlet. Collision detectionprevented subjects from passing through buildings and otherobjects in the city.Subjects pushed a Start button before starting, a Landmarkbutton each time a landmark was reached, and a Stop buttonupon reaching the goal kiosk. Subjects pushed a Guidebookbutton, located near the Start button, to display theguidebook. Subjects practiced operating all of these buttonsin practice cities prior to beginning the experiment. Thewindows were designed so that when the guidebook (Figure4) was open, the main city window (Figure 5) wascompletely occluded and no movement could be made.Lessons learned from the pilot studyOur pilot study design and results are described in[Elvins97a]. From the pilot study we learned thatlandmarks cannot be more than two blocks apart or subjectsfrequently resort to an exhaustive search of theneighborhood. We also learned that some subjects will takemuch longer than other subjects to complete the task andthat the task difficulty and length must be designed whilekeeping the slower wayfinders in mind.Subject instructionsThe following is a subset of the instructions read to thesubjects. Instructions 3 and 4 were repeated beforebeginning each city.1.The guidebook contains a series of landmarks thatyou probably want to follow, since traveling pastthese landmarks will lead you to the goal kiosk.2.When you are at a landmark, you may have towalk as far as one or two blocks before you willbe able to see the next landmark.3.Your task is to locate the goal kiosk as quickly aspossible. Go as fast as you can, but be careful tonot get lost4.Remember, you can look at the guidebook asoften as you likeSubjectsSubjects were primarily University of California, San Diegostudents from a number of major departments. Ages rangedfrom 18 to 36, with a mean age of 24. Fourteen males andtwelve females completed the experiment. Results fromfour other subjects had to be excluded from our databecause the subjects became lost in one or more of thecities. All subjects were computer literate, but had varyingdegrees of experience with virtual environments.Neuropsychological testsTo provide an independent measure of a subset of thesubjects� cognitive abilities, subjects were tested in aseparate session, using two standardized subtests from theWechsler Adult Intelligent Scale - Revised (WAIS-R)[Wechsler81].The Vocabulary subtest, comprising part of the WAIS-RVerbal subtests, was used to assess the subject’s verbalability. Performance was scored according to standardizedprocedures based on the subject’s degree of familiarity witha list of up to 35 words and their elegance of expression[Wechsler81].The second test was the Block Design subtest comprisingpart of the WAIS-R Performance subtests. The test wasused to assess the subjects� constructional-spatial ability,and was administered in the standardized manner[Wechsler81].AnalysisA one-way repeated measures analysis of variance(ANOVA) was performed for each of the dependentvariables and the overall times and distances. The within-subjects variable was the landmark description type withthree levels: text, image, and worldlet. Post-hoc analyseswere done using the Scheff� test for differences in samplemeans. Correlation analysis was performed across thescores of the neuropsychological tests and the scores of thewayfinding tests. We adopted a significance level of 0.05on all analyses unless otherwise noted.RESULTSOur primary result was that people spend more timeconsulting the worldlet guidebook than the otherguidebooks, but require less time to reach the goal whenusing the worldlet guidebook. The following specificfindings tell us more about the component activities thatbenefitted from worldlet use.

5Time and distance measuresFigures 6 through 9 show time and distance measures wherethe independent variable (type of guidebook) is displayed aswhite, grey, and black bars along with the standard error ofthe mean (SEM). Figure 6 shows the mean overall time anddistance required to reach the goal kiosk. Figure 7 breaksthe overall time into its components. Figure 8 gives theforward and backtracking distance components. Figure 9shows the mean number of times that each type ofguidebook was opened. Figure 10 diagrams the subjects’scores on the Wechsler neuropsychological tests.Analysis of variance followed by Scheff� post hoc testswere performed for the different measures. Table 2summarizes these results.

Mean total time020040060080010001200

Mean time + SEM (sec)TextImageWorldlet

Mean total distance050010001500200025003000

Mean distance + SEM (m)TextImageWorldlet(a)(b)Figure 6. (a) Mean total time. The overall time spenttraveling to the goal was significantly less using theworldlet guidebook than when using the text(F(1,24)=9.89, p<0.01) or image (F(1,24)=4.63,p<0.01) guidebooks. (b) Mean total distance. Theoverall distance traveled using the worldletguidebook was significantly less than the distancetraveled using the text (F(1,24)=11.41, p<0.01) orimage (F(1,24)=8.93, p<0.01) guidebooks.

Mean time measures050100150200250300350400450Turning:looking forlandmark

ImageWorldletFigure 7. Turning: looking for landmark is timespent standing in one location. Turning: changingheading is time spent changing forward direction.Consulting guidebook is time spent with theguidebook on screen. Moving forward is time spenttraveling over new ground. Backtracking is timespent retreating. Note that time spent consulting theworldlet guidebook is significantly greater than timespent consulting the text or image guidebook. Alsonote that time backtracking is near zero when usingthe worldlet guidebook.

Mean distance measures0200400600800100012001400160018002000MovingforwardBack-trackingDistance category

Mean distance+ SEM (m)TextImageWorldletFigure 8. The mean distance moving forward whileusing the worldlet guidebook is significantly lessthan the forward distance covered while using thetext or image guidebook. Backtracking distance isalmost non-existent for the worldlet guidebook task.

Mean number of times guidebook opened024681012141618

Opened + SEM (count)TextImageWorldletFigure 9. Subjects opened the text and imageguidebooks on average 15-16 times while seeking theeight landmarks enroute to the goal kiosk. Theworldlet guidebook was opened 11 times on average.

Spatial and verbal scores-4-3-2-1012135791113151719212325Subject z transformed score

SpatialVerbalFigure 10. Z transformed spatial and verbal scoresfrom the neuropsychological tests. Before applyingthe z transform, the mean spatial test score was 45,and mean verbal test score was 55.

6(a)(b)(c)Figure 11. Street plots. In these plots line thicknessand brightness indicates the number of times that astreet was traversed. In (a) and (b) the 26 subjectstraversed some streets 47 times indicatingbacktracking. (a) and (b) also exhibit circuitoustrails. In (c) very little backtracking occurred, andcircuitous trails are minimal.Street plotsFigure 11 shows plots of the streets traversed by the 26subjects in the three test cities. The thickness andbrightness of each street line indicate the total number oftimes that the street was traversed. For example, widerbrighter streets indicate heavily used avenues. Backtrackingcan increase the number of street traversals beyond theexpected minimum of 26. The starting point and goal kioskare indicated on each plot, and landmarks enroute to thegoal are marked with a star (I).Post hoc comparisons(Scheffe F-test)

TimeANOVAtext vs.imagetext vs.worldletimage vs.worldlet consultingguidebook55.59 *p<0.000119.66 *p<0.001 8.84 *p<0.0154.88 *p<0.011 looking forlandmark21.61*p<0.0001 0.4718.69 *p<0.00113.25 *p<0.01 changingheading17.36 *p<0.0001 0.0213.53 *p<0.0112.49 *p<0.01 movingforward16.02 *p<0.0001 0.00312.20 *p<0.0111.83 *p<0.01 back-tracking 9.55 *p<0.0003 0.22 8.26 *p<0.01 5.86 *p<0.01 overall10.34 *p<0.0002 0.98 9.89 *p<0.01 4.63 *p<0.01

Distance movingforward15.33 *p<0.0001 0.0512.23 *p<0.0110.72 *p<0.01 back-tracking10.19 *p<0.0002 0.23 8.84 *p<0.01 6.21 *p<0.01 overall13.65 *p<0.0001 0.1511.41 *p<0.01 8.93 *p<0.01

Guidebook opened15.27 *p<0.00011.04 7.59 *p<0.0114.26 *p<0.001

Table 2. Our ANOVA indicated that there weresignificant differences between all the sample meansand post hoc analysis was warranted. Post hoc(Scheffe) analysis indicated that, for all dependentvariables, there were significant differences in thesample means of the text versus worldletperformance, and thumbnail versus worldletperformance. Performance using the text versusimage guidebooks was not significantly differentexcept that time spent consulting the text guidebookwas significantly greater than time spent consultingthe image guidebook. In each table cell, the uppernumber is the F value, and the lower number is the pvalue. Asterisk indicates significance p<0.05. Timeand distance measures are explained in the captionsfor Figures 6-9.Subjective measuresAs part of the written questionnaire administered after theexperiment, subjects were asked how difficult the searchtask was using each of the different types of guidebooks.

7Responses were scattered, however, a clear trend in favor ofthe worldlet guidebook was evident.TextimageworldletVery easy0211

Easy1089

Doable1086

Difficult570

Very difficult110

MedianDoableDoableEasy

Table 3. Subjects were asked to rate the difficulty ofthe search task using the three different types ofguidebooks.Correlation analysisOne surprising finding was a high inverse correlation (-0.77,p=0.01) between spatial skills and the time spent consultingthe text guidebook. Subjects with good spatial abilitiesseemed able to form a mental picture of a landmark on thebasis of textual description more quickly than subjects withlower spatial abilities. This is not the case for image andworldlet guidebooks.We also expected to find a negative correlation betweenspatial skills and overall travel time in the thumbnail andworldlet guidebook cities. The data did not support this, nordid they support another of our hypotheses that there wouldbe a positive correlation between verbal skills and theperformance in the text guidebook city. Verbal skills madeno difference in overall wayfinding time.Additional observationsMany subjects said that the tasks were harder than they hadimagined, and afterwards several said that they felt tired.No subjects complained of motion sickness. Most subjectsrequired seventy minutes or more to finish all aspects of thecomputer-based part of the experiment.We observed subjects to use three general types of strategieswhile deciding what direction to go from a streetintersection:1.Look down each street from many viewpointswithin the intersection, until a landmark orlandmark context is seen.2.Look down each street and if nothing looksfamiliar, search exhaustively in each directionuntil the next landmark is found.3.Look down each street and if nothing looksfamiliar, try going one half block in each directionand look again.Subjects using strategy #1 seemed to find their way morequickly and with less backtracking than subjects who usedstrategies #2 and #3. Another strategy, described by somesubjects on their written questionnaire, involved viewing alandmark in the worldlet guidebook from many distantvantage points in the hopes that one of the vantage pointswould be similar to the direction from which they wouldactually approach the landmark in the city. We observedthat some subjects often forgot what it was they werelooking for, and so had to open the guidebook momentarilyto remind themselves.Not surprisingly, landmarks with signs such as "GroceryStore" and landmarks painted with more highly saturatedcolors seemed easier to find than other types of landmarks.Also, after passing all the landmarks, several subjectsexclaimed that they had lost all sense of direction within theworld.A final unexpected result is that there were manysimilarities between the text and image guidebooks. Thetext and image guidebooks were only significantly differentin the time subjects spent consulting them. Considering thattext and images represent landmarks in very different ways,we expected differences in time and distance measures.Major findings1.As we predicted, the total time spent traveling tothe goal was significantly less using the worldletguidebook than when using the text or imageguidebooks.2.Subjects spent significantly more time studyingthe worldlet guidebook than the text or imageguidebook.3.Increased worldlet study time was more thancompensated for by a reduction in the timerequired to reach the goal. Using the worldletguidebook, subjects traveled on average 55%faster than when using the text guidebook, and38% faster than when using the image guidebook.4.Increased worldlet study time also allowedsubjects to move more directly to the goal andreduced backtracking time to almost zero. This isshown diagramatically in Figure 11 where Figures11a and 11b show brighter wider streets thanFigure 11c. Figure 11c also exhibits fewerdetours and less wandering than Figures 11a and11b.We postulate that compared to the landmark knowledgegained from text and image guidebooks, the improvedlandmark knowledge built while consulting the worldletguidebook enabled subjects to refer less frequently to theguidebook. This postulation is further supported byexamining worldlet guidebook results:¥Subjects spent significantly more time studyingthe worldlet guidebook than the other types ofguidebooks¥When using the worldlet guidebook, subjectstraveled faster, more directly, and with more skill,to the goal kiosk¥Subjects’ median rating for the difficulty of thesearch task was ’Easy’ when using the worldletguidebook.CONCLUSIONWe know of no studies that have considered thecomparative advantages of different types of guidebooks forwayfinding. Intuitively, one would predict that 3Dthumbnails make better guidebooks for 3D worlds than dotext and 2D thumbnail images, and indeed, this is what wefound. We wanted, however, to identify the componentactivities in using guidebooks that most benefited from 3Delements. Perhaps of greatest interest was our finding that

8worldlets enabled subjects to find their way in complexenvironments with almost no backtracking. By spendingmore time studying the worldlets in their guidebooks, theyspent less time looking around, re-orienting themselves,conducting exhaustive searches, and performing similartime-wasting activities. We must be cautious, however, inwhat we conclude since worldlets contain more informationthan text or 2D thumbnail images. To control for thisdifference in information content, more experiments arenecessary.Future workWe would like to investigate the comparative advantages ofworldlet guidebooks for wayfinding tasks in correspondingvirtual and real world environments (both urban and rural).We are also considering an experiment to evaluate tandemuse of traditional 2D maps and landmark guidebooks.ACKNOWLEDGMENTSOur appreciation goes to Planet 9 Studios(http://www.planet9.com) for the use of their city buildingtextures. Thanks to John Moreland and Mike Bailey fortechnical assistance on this project, and thanks to SuziFeeney for collaborating in the pilot study design. UCSDlibrarian Debbie Cox and her staff were invaluable inlocating references. Thanks also to John Helly and ReaganMoore for their support. San Diego Supercomputer Centeris funded by NSF, grant ASC 8902825, the University ofCalifornia, the State of California, and industrial partners.REFERENCESAppleyard, D.A., �Why buildings are known,� Environmentand Behavior, 1969, 1, 131-156.Art+Com, �The cybercity Berlin project�,http://www.artcom.de/projectsDarken, R. P., and Sibert, J. L., �Wayfinding strategies andbehaviors in large virtual worlds,� in Proceedings ofthe ACM CHI 96 Conference, Vancouver, BC., April,1996, 142-149.Downs, R. J., and Stea, D., �Cognitive maps and spatialbehavior,� in Image and Environment, Chicago:Aldine Publishing Company, 1973, 8-26.Elvins, T.T., Nadeau, D.R., Kirsh, D., �Worldlets - 3Dthumbnails for wayfinding in virtual environments,�inProceedings of the ACM User Interface Software andTechnology Symposium, Banff, Canada, October, 1997.Elvins, T.T., �Wayfinding in layered information worlds,�Short paper in Proceedings of the CODATA Euro-American Workshop on Data and InformationVisualization, Paris, France, June, 1997, 6-7.Goldin, S.E., Thorndyke, P.W., �Simulating navigation forspatial knowledge acquisition,� Human Factors, 1982,24 (4), 457-471.Liggett, R., Friedman, S. and Jepson, W., �Interactivedesign/decision making in a virtual urban world: visualsimulation and GIS,� in Proceedings of the 1995 ESRIUser Conference, Environmental Systems Research,July, 1995 http://www.esri.com/base/common/userconf/proc95Lynch, K., The Image of the City, M.I.T. Press, 1960.Passini, R., Wayfinding in Architecture, Van NostrandReinhold, NY, second edition, 1992.Peponis, J., Zimring, C., and Choi, Y.K., �Finding theBuilding in Wayfinding,� Environment and Behavior,1990, 22 (5), 555-590.Presson, C.C., Hazelrigg, M.D., �Building SpatialRepresentations Through Primary and SecondaryLearning,� Journal of Experimental Psychology:Learning, Memory and Cognition, 1984, 10, 716-222.Satalich, G. A., Navigation and Wayfinding in VirtualReality: Finding the Proper Tools and Cues to EnhanceNavigational Awareness., Masters Thesis, Departmentof Computer Science, University of Washington, 1995.http://www.hitl.washington.edu/publications/University College London Center for Advanced SpatialAnalysis, �Virtual London: a proposal,�http://www.geog.ucl.ac.uk/casa/vl.htmlWechsler, D., WAIS-R Manual, The PsychologicalCorporation, Harcourt Brace Jovanovich, Inc., 1981.Wickens, C., and Baker, P., �Cognitive Issues in VirtualReality,� Chapter 13 in Mental Models and Human-computer Interaction, Editors Woodrow Barfield andThomas Furness III, Oxford University Press, 1995,514-541.Witmer, G.G., Bailey, J.H., Knerr, B.W., Parsons, K.C.,�Virtual spaces and real world places: transfer of routeknowledge,� Int. J. Human-computer Studies, 45, 1996,413-428.