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Abstract

Terrain maps,commonlyusedfor updatingelevation valuesof a
moving object (i.e., a traveler), may be convenientlyusedfor de-
tectingandpreventingcollisionsbetweenthetravelerandotherob-
jectson the scene. For that purpose,we project the geometryof
all collidableobjectsontothemapandstoreit in a dedicatedcolor
channel.Combinedwith adaptive speedcontrol, this information
provides fastandreliablecollision-avoidanceduring travel, inde-
pendentof scenecomplexity. We presentimplementationdetails
of the basesystemfor a Virtual Reality applicationanddiscussa
numberof extensions.

CR Categories: I.3.6 [ComputerGraphics]: Methodologyand
Techniques—Interactiontechniques;
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1 Intr oduction

Navigation is oneof the mostfundamentaltasks,both in real and
virtual environments.A successfulnavigationsystemmustprovide
task-orientedtravel metaphors,intuitive userinterface,andunob-
trusive and ef�cient control mechanismsfor helping userswhen
they �nd themselvesin dif�cult travel situations[2001;2005].

Collision preventionsystemis oneof the most importantpartsof
that controlmechanism.It mustbeableto detectall pendingcol-
lisionsandtake measuresto prevent them. Both tasksaredif�cult
in the generalcaseof dynamicallychangingenvironments,when
the collider andcollideesaremoving freely. A numberof exist-
ing algorithmsfor processingcollisionsarediscussedin [Akenine-
Möller et al. 2008] and[Jimnezet al. 2000]. Oneof the morere-
centtechniquesfor collision detectionandavoidanceis presented
by [SakrandSudama2008].Their methodis speci�cally designed
for fast-actionmassively multiplayergamingenvironments,with a
very largenumberof avatars,�ying in 3D in unconstrainedfashion.

However, in many applications,the collision detectionproblem
maybereducedfrom 3D to 2D case,if travel is con�ned to aterrain
surface.Furthermore,if theenvironmentremainsstatic,geometry
boundariesof all potentialcolliding objectsmay be conveniently
embeddedinto the terrain imagemap. Thus, at any time during
travel, all upcomingcollisionsmaybedetectedata �at costof pro-
jecting the currentuserlocationonto the terrainmapandreading
thepixel valuesin theareaof interest.This informationmayalso
beusedby thesystemto helptraveleravoid anupcomingcollision.

In this work, we describetheentiresystemin detail. It is fast,re-
liable andallows to navigatearoundobstaclesof arbitraryshapes.
Thesystemwasimplementedandsuccessfullyusedin anumberof
medicalVirtual Reality(VR) applications.
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2 Motiv ation and Application Requirements

The navigation systempresentedbelow was initially developed
for a VR applicationfor pain control andbiofeedbackresearchat
Tripler Army Medical Centerin Honolulu, Hawaii [2005]. Later,
this systemwas rebuilt for simulatingsearch-and-rescuetraining
missionsin VR. Also it was usedfor teachingmedicalstudents
triage skills and life saving procedures[2008]. In all con�gura-
tions,usershadto navigateon uneventerrainin outdoorssettings,
avoidingcollisionswith naturalobstaclesandhumanartifacts.The
areasavailablefor travel weretypically small(undera few hundred
squaremeters)andall obstacleswerepredominantlystatic: trees,
buildings,rocks,etc.Oneof thescenesis shown in Figure1.

For theseapplications,usinga rasterimagefor storingterrainele-
vationmapwasanaturalchoice.Theimagesweregeneratedproce-
durally from asetof regularpolygonalmeshesthatrepresentedthe
terrainsurface.Thehighestandlowestverticeson thesurfacecor-
respondedto whiteandblackpixelsin theimagemap,respectively.
The 3D mesheswere obtainedfrom satellitedatasetsof existing
locationsonHawaii.

Figure 1: A small sandyisland with rock formationsand stylized
StoneAgedwellings,usedfor search-and-rescuemissionsin VR.

3 Generating Collision Map

In orderto incorporatecolliding objectsinto themap,thefollowing
stepsweretaken. First, the terrainmeshandall colliding objects
were loadedinto Maya and positionedas neededon scene. All
non-terrainobjectsweregroupedandtranslatedvertically above a
prede�nedthreshold.Non-collidingpartsof objects,suchasbuild-
ing roofs andpillar tops,were removed. Then,colliding objects
werescaleddown vertically (�attened), to produce2D areasfor-
biddenfor travel. The scenewasexportedinto a single3D mesh
of polygonsin OBJ format,displayedin Figure2, top. The mesh
was post-processedconverting the elevation data for all vertices
into a TIFF RGB image,with 8 bits per channel. Verticeswith
elevation above the thresholdvaluewereoutputasred pixels, in-
dicatingzonesforbiddenfor travel. The resultingsparselyspaced
pixelswerein�ated towardsthenearestneighbors,�lling thegaps



betweensamples.The grayscalepixels with valid elevation data
wereaddedusinginterpolation;the redpixels werepropagatedas
is,keepingtheirvaluesunmodi�ed. Finally, theTIFF elevationmap
with redno-travel zoneswashand-editedin orderto remove noise
andmake surethatobjects'bordersarecontinuous.Theannotated
resultingmapis shown in Figure2, bottom.
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Figure 2: Top: a terrain meshwith �attened colliding objects,
placedhigh in theair. Theroofsare removedfromthecottage and
thehouse. Bottom:completeterrain mapfor theislandscenewith
no-travel zonespaintedin red – the houseand the cottage walls
andthepillars supportingmassivestonegates.Areasize: 30 x 60
meters, imagesize600x 1200pixels,resolution5 cm/pixel.
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Figure 3: Travelingon an islandscene. On the terrain mapfrag-
ment(bottomright), no-travelzonesarepaintedin red.Noticethat
the cottage may be entered via the door or the window. Virtual
travelers can go over small rocks,but not throughthe pillars that
supportmassivegates.

4 Collision-A voidance Algorithm

Duringtravel, thesystemcontinuouslyupdatestheuserlocation,by
addingincrementaldisplacementsonthe(X ; Z ) planeaccordingto
the currentvelocity values. The vertical displacementis obtained
by bilinear interpolationbetweenthe four cornersof a height�eld
imagemap,at pixels (i; j ); (i + 1; j ); (j + 1; j + 1); (i; j + 1).
Here,(i; j ) arepixel coordinateson theimagemap,corresponding
to theuserlocationon (X ; Z ) plane.Themapalsocontainsaddi-
tional areasthatareprohibitedfor travel, suchaswalls, tall rocks,
asexplainedin theprevioussection.Theseareasarepaintedin red.

Eachtime whenthe usermovesto the next pixel, the systemcal-
culatesthe “dangerlevel” (D ), proportionalto the numberof red
pixelsin thevicinity of thenew location.Pseudo-codefor comput-
ing D -valueis shown in listing 1. The r adius parameterde�nes
thesizeof thesearcharea.It is measuredin pixels. In thisexample,
r adius is setto 2 pixels,covering the areaof 5 x 5 pixels,minus
4 cornerpixels in orderto make thesearchareasymmetricalin all
directions.Total of 21 pixelsarecheckedfor redvalues.Thus,the
granularityof D (r adius = 2) is 1/21. Increasingtheradiusmakes
D smoother. Dangerlevel rangesfrom D = 0 (no red pixels,no
restrictionson travel) to D = 1 (maxdanger, travel impossible).

OncetheD valueis obtained,thespeedcontrolmechanismis ap-
plied: S = S0 (1 � D )2 , whereS0 is the requestedspeedasset
by theuser, andS is theactualspeed,allowedby thetravel system.
If the userpersistin moving deeperinto the red zone,(D -value
increases),the systemwill eventually bring him or her to a full
stop, followed by a forcedrelocationto the last memorizedloca-
tion, whereD hadzerovalue. If theuserchoosesto move outside
the redzone,thesystemencouragesthis decisionby restoringthe
speedto initial valueS0 . Thus,it is easierfor usersto moveoutside
of dangerousareas,thanto travel deeperinside.Thespeedcontrol
mechanismis presentedin listing 2.

Algorithm 1 Calculationsof the danger level are performedon
eachcycleof thegraphicsloop,beforeupdatingthetraveler'sspeed
andposition.In thediagram,theuseris movingtowardsa gatepil-
lar. Thedanger level changesasfollows: 0 (A), 5/21(B), 1 (C). At
point C, theuseris stoppedandrelocatedto thelast safelocation,
pointA.

BA C

01: proceduredangerlevel(Imagemap,Pixel point, radiusR)
02: N r ed  0
03: N total  0
04: for all pixelsp : jj p � point jj � R do
05: N total  N total + 1
06: ColorRGB  get pixel value(map; p)
07: if R = 1 andG = 0 andB = 0 then
08: N r ed  N r ed + 1
09: endif
10: endfor
11: danger level  N r ed =N total

12: endprocedure



Algorithm 2 Speedcontrol mechanismupdatesthecurrentvalueof
danger level D and,if it increases,reducesthespeed(Line 11). In
critical cases,whenthedanger level reachesmaxvalueof 1, user
comesto a full stop(Line8).
01: procedureupdatespeed(Vectorposition,Imagemap)
02: Pixel p  world to map(position; map)
03: D  danger level(map; p; r adius = 2)
04: if D = 0 then
05: savecurrentposition
06: f actor  1
07: elseif D = 1 then
08: gobackto savedposition
09: f actor  0
10: elseif D > D pr ev ious then
11: f actor  (1 � D )2

12: else
13: f actor  1
14: endif
15: speed speed0 � f actor
16: D pr ev ious  D
17: endprocedure

5 Implementation and Results

The describedtravel control systemwas implementedin Beach-
World, a medicalVR application[Sherstyuket al. 2005] and in
VR-Triage, a Virtual Reality trainer for �rst responders[Vincent
et al. 2008]. Both applicationswere built using [Flatland 2002]
opensourceengine.Thesesystemswereusedfor a numberof ex-
perimentalstudies,includingtechnicalVR evaluation,medicaled-
ucationandclinical research.Oneof theseexperimentsis shown
in Figure4. Theuseris navigatingon the islandscene,wearinga
headset(5DT800HMD, 800 x 600 pixels,40� viewing �eld) and
magneticsensorsfor headandhandtracking. We usedFlock of
Birds trackerby Ascension,runningin 9 feetextendedrange.

We collecteddatafrom 13 participants(adultsbetween30 and50
yearsof age,both maleandfemale)who volunteeredto testVR-
Triage systemat the MedicineMeetsVirtual Reality conference.
For this particularexercise,all participantswereaskedto enterthe
village by passingbetweenthegatesandvisit every roomin every
building, searchingfor virtual patients.Detailsrelevant to naviga-
tion partof their experiencearesummarizedbelow:

Min Median Mean Max
Timeonmission(sec) 132 348 380 687
Timespenttraveling (sec) 29 72 82 161
Travel distance(meters) 86 187 250 649
Numberof forcedstops 0 3 3.16 8

As the table indicates,peoplehadbetween0 and8 forcedstops,
whenthey movedtoodeepinto no-travel areasandwerestoppedby
thecollision-avoidancesystem.Eachdetectedstop,followedby a
forcedrelocationto savedposition,wastime-stampedandrecorded
into a travel log �le. The plot in Figure 5 displaysthe number
of stopsper personover time, averagedover oneminute interval.
Visualobservationsshow that theactualcollisionsdid not happen
at all, becausethe virtual cameradid not penetratethe obstacles:
building wallsandstonepillars. Personalobservationsalsoshowed
that very few peoplehadproblemswith the speedcontrol mecha-
nism. Noneof themreportedtravel dif�culties or motion-sickness
in thefollow-up survey. All participantswereableto navigatesuc-
cessfullyin all areas,includingthetwo-bedroomhouse(north-east
cornerof the map on Figure 2), with irregular narrow elongated
rooms.

Figure 4: A virtual traveler is negotiating his way betweenlarge
stonepillars,usingsteering-by-pointingtechnique. The�r stperson
view is alsoprojectedontoa screen(top right).
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Figure 5: Numberof forcedstopsper person,over time. Travelers
showedthetendencyto reducethenumberof forcedstops,from2 to
1, asthey progressedwith their task.A linear modelwas�t, plotted
asa dottedline, with pslope = 0:01738. Total numberof samples
38, for all 13participants.

6 Extensions

Besidesindicating no-travel zones,terrain imagemapsmay also
storeotherusefulinformation,relatedto thecurrentpositionof the
traveler. For example,animagemapcanbeusedfor location-based
lighting control. In Figure6, a travelerapproachesthecottageand
entersit throughthe window. While the traveler remainsoutside,
thesceneis illuminatedby asingledirectionallight. Whenthetrav-
eler movesinside,this light is dimmedanda local head-mounted
spotlight is activated,to simulateindoorslighting. This location-
basedchangeof lighting maybeconvenientlycontrolledby oneof
color channelsin theterrainmap. For outdoorsareas,all pixels in
the mapwill have conventionalgrayscalevalues. For all indoors
areas,onededicatedchannel(e.g.,blue)mustbesetto zeroor any
otherprede�nedvalue.Unlikeredpixels(255; 0; 0), usedfor mark-
ing no-travel zones,pixelsthatcontrol lighting containa full range
of redandgreenvalues,from (255; 255; 0) to (1; 1; 0). Therefore,
pixels with modi�ed blue channelcanstill be usedto updatethe
userelevation,by takingthevaluesfrom unmodi�ed channels.

Another applicationof selective useof color channelsis setting



Figure 6: The travel systemcan automatically select between
outdoors lighting (left, directional sunlight) and indoors lighting
(right, head-mountedspotlight), by checking values in the blue
channelof the terrain map. All pixelsin elevation mapinsidethe
building havebluevaluessetto 0.

zonesprohibitedfor teleportation.In VR-Triage system,usersare
offeredtwo travel metaphors:continuoussteering-by-pointingand
fastautomaticrelocationtowardsa selectedtarget,or teleportation
for short. Whenby steering,usersmove at variablespeed,from 3
to 15km/hour. During teleportation,peoplemove at �x edspeedof
20km/hour. Experimentalevidenceshowsthatteleportationis very
popular, especiallyamongnovice users,becauseit allows to min-
imize travel efforts andguaranteesarrival at a desireddestination
point. However, in certainlocations,teleportationshouldnot be
used.For example,enteringandleaving buildingsshouldbedone
by low-speedmaneuvering. In thesehigh-collisionareas,telepor-
tation commandsmay easily resultsin attemptsto move through
thewalls,closeddoors,window anddoorframes.Automaticspeed
control will inevitably stop thesemoves,which may causemuch
frustration from users. Restrictionson teleportationmay be ap-
plied to incomingandoutgoingtravel requests,separately. “No-
teleportation”zonescanbepaintedontothemap,by settingoneof
thecolor channelsto someprede�nedvalue.

In all theseexamples,the additional information storedwith the
terrain map hasbitwise nature– it turns certain featureson and
off. By applyingmasksto two 8-bit wide color channels,onecan
havepracticallyunlimitednumberof bitwisecombinationsfor cus-
tomizedlocation-basedmaps.(Note,thatonecolorchannelshould
be reserved for the terrain elevation data.) Modi�ed color chan-
nelscanstorerangedata,too. That extensioncanbe useful, for
example,for soundscapingthescene.Thebluechannelcanbeas-
signedto controlthevolumeof theoceansounds,paintedalongthe
shorelineon theislandmap.Thegreenchannelmaybeusedto set
locationsof tropicalbirdsor otherinlandsounds.In bothcases,a
simpleimageeditor may be usedfor fastprototypingof locations
andintensityof varioussounds.

7 Conc lusion

We describeda systemfor collision-freetravel in VR, that is suit-
able for applications,wherescenelayout is staticandheight�eld
mapscan be applied. The proposedalgorithm of speedcontrol
is easyto incorporateinto most travel techniques.We have im-
plementedit for steering-by-pointing,steering-by-joystick andfor
target-basedauto-relocation(teleportation).

Thenovelty of this work lies in the ideaof treatingseparatecolor
channelsin terrain mapsindependently. In a generalcase,RGB
color triplets, stored in the terrain image, can be modi�ed and
usedfor a variety of purposes,while still remainingfunctionalas

a height-�eld rasterdataarray. Use of color imagemapsallows
easyandquick prototypingof 3D scenes,by simply paintingthese
featuresontothemap.Webelievethatproposedextensionsof tradi-
tionalterrainmapswill beusefulin avarietyof interactivereal-time
3D applications.
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