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mostlikely to bevisibleto theobserverin upcomingframes
in order� of decreasingurgency. Oneof thetwo processorsof
theVGX is usedfor pre-fetchingdataconcurrentlywith the
renderingof the currentframe. The resultspresentedhere
weregatheredfrom a walk alongthetestpathshownin Fig-
ure13. Sincethecurrentfloor modelis notvery largecom-
paredto thememorycapacityof ourmachine,we imposean
artificial 8MB limit on theamountof objectdatathatcanbe
storedin memoryatanyonetime. As theobserver, “walks”
alongthepath,weswapdatain andoutof memory, neverex-
ceedingthe8MB limit. Wearestill experimentingwith tech-
niquesto controlthe interactionbetweenour memoryman-
agementalgorithmandthe pagingof the operatingsystem.
Thusthedatabelowmustberegardedastentativeandrather
preliminary. More reliabledatawill be gatheredoncethe
fully furnishedmodelof thewholebuildingbecomesavail-
able.

Figure14 showsa plot of thenumberof bytesthatmust
bein memoryin orderto renderthevisiblepartsof thescene
(lowercurve);superimposedis aplot of thenumberof bytes
ouralgorithmloadsinto memoryin preparationfor possible
near-term observermoves. As expected,theseamountsof
datafluctuatestronglydependingonwhethertheobserveris
in a relativelysimplepartof themodelwith ratherconfined
views,or whetherthevisiblecellsstretchout to greatdepth
alongseveraldirections. In all, we read52MB during the
261frames.
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Figure14: Comparisonof theamountsof datafetchedfrom
disk (top curve)andactuallyneededfor rendering(bottom
curve)while following the walkthroughtestpath; marked
spotscorrespondto thelabelsshownin Figure13.

In general,weareableto pre-fetchobjectsbeforetheyare
rendered,andsotheobservercanmovesmoothlythroughthe
model. However, therearea few casesin which the mem-
ory manageris not able to predictwhich objectsaregoing
to becomevisible to the observerfar enoughin advanceto
pre-fetchthem,andsotheusermayhaveto wait while they
are readinto memory. As the observerturnsa cornerin a

corridor, the visible setof objectscanchangedramatically
This promptsa requestfor a large amountof new datato
be loadedinto memory. For the worst-casecorners(labels
‘B’ and’C’), thecoprocessoris busyfor about8 secondsto
prefetchon theorderof 2 MB of datathatmight beusedin
thenearfuture. However, theamountof dataneededimme-
diately for therenderingof thenext frameis muchsmaller;
becauseof parallelprocessing,resultingobservabledelays
areon theorderof a coupleof secondsfor a worst-casesit-
uationin our model. We aredevelopingmoresophisticated
pre-fetchingtechniquesthatuseabetterpredictionof theob-
server’smotion.

7 Conclusion

Our paperdescribesa systemfor interactivewalkthroughs
of very large architecturalmodels. It builds a hierarchical
displaydatabasecontainingobjectsrepresentedat multiple
levelsof detailduring themodelingphase,performsa spa-
tial subdivisionandvisibility analysisduringa precomputa-
tion phase,andusesreal-timedisplayandmemorymanage-
mentalgorithmsduringa walkthroughphaseto judiciously
selecta relevantsubsetof datafor rendering.We haveim-
plementeda first versionof this system,andtestedit in real
walkthroughsof a completelyfurnishedmodelof the sixth
floorof theplannedComputerSciencebuildingatUCBerke-
ley. Our initial resultsshowthat thesedisplayandmemory
management techniquesare effective at culling away sub-
stantialportionsof the model, andmakeinteractiveframe
ratespossibleevenfor very largemodels.
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Figure13: Testpaththroughthebuildingmodel.

Display Management

Asdiscussedin Section5.1,wecomputethesetof potentially
visibleobjectsby generatingsuccessivelysmallersupersets,
culling awayobjectsinvisible to theobserver. The sizesof
thesesets,andthetimes(in seconds)requiredto renderthem
areshownfor viewpoint‘A’ in Table1andaveragedoverthe
testwalkthroughpathin Table2. Onaverage,weareableto
cull away94% of the modelandreducerenderingtime by
a factorof 17 by renderingonly objectsin theeye-to-object
visibility setratherthantheentirebuildingmodel.

Culling # # Draw % of
Method Objs. Faces Time Model
Entiremodel 2,320 242,668 3.77 100%
Cell-to-cell 1,065 109,227 1.77 45%
Cell-to-object 558 40,475 0.65 17%
Eye-to-cell 241 30,265 0.52 12%
Eye-to-object 165 18,927 0.33 7.8%

Table1: Visibility cull resultsfor viewpoint‘A’.

Culling # # Draw % of
Method Objs. Faces Time Model
Entiremodel 2,320 242,668 3.66 100%
Cell-to-cell 778 78,475 1.22 32%
Cell-to-object 440 36,921 0.59 15%
Eye-to-cell 207 20,657 0.34 8.5%
Eye-to-object 141 13,701 0.23 5.6%

Table2: Averagevisibility cull resultsfor testwalkthrough.

We further reducethe numberof facesrenderedat each
frame by choosingan appropriatelevel of detail at which

to rendereachpotentiallyvisible objectbasedon its appar-
ent sizeandspeedto the observer. Statisticsregardingthe
numberof facesandthetime requiredto rendereachframe
usingdifferentpixels-per-facethresholdsfor viewpoint ‘A’
andaveragedoverthetestpathareshownin Tables3 and4,
respectively. Usablerenderingmodesfor which little or no
degradationin imagequalityis perceptible( 	 256pixelsper
face),areshownin boldtypeface.

Color PlatesIV, V andVI showthedifferencebetweena
staticimageproducedusingthehighestlevelof detailfor all
objects(PlateIV) andonegeneratedwith reducedlevelsof
detail for objectswith fewer than256pixelsper face(Plate
V). PlateIV has23,468facesandtook 0.34secondsto ren-
der, whereasPlateV has7,555facesandtook0.17seconds.
Theseimageswererenderedwithoutinterpolatedshadingor
antialiasingin order to accentuatedifferences– notice the
reducedtessellationof thechairsfurther from theobserver.
PlateVI showswhichlevelof detailwasusedfor eachobject
in PlateV (adarkershaderepresentsahigherlevelof detail).

Overall,aftercomputingthesetof potentiallyvisibleob-
jectsandchoosinganappropriatelevelof detailfor eachob-
ject,weareabletocull awayanaverageof 97%of thebuild-
ing modelandreducerenderingtimeby anaveragefactorof
39 in eachframe.

Min. Pixels # # Draw % of
PerFace Objs. Faces Time Model

0 165 18,927 0.33 7.8%
64 165 11,763 0.26 4.8%

128 165 8,861 0.22 3.6%
256 165 6,204 0.17 2.6%
512 165 3,889 0.13 1.6%
1024 165 2,871 0.12 1.2%

Table3: Averagedetailcull resultsfor viewpoint‘A’.

Min. Pixels # # Draw % of
PerFace Objs. Faces Time Model

0 141 13,701 0.23 5.6%
64 141 9,700 0.18 4.0%

128 141 7,979 0.16 3.3%
256 141 6,176 0.14 2.5%
512 141 4,745 0.12 2.0%
1024 141 3,427 0.10 1.4%

Table4: Averagedetailcull resultsfor testwalkthrough.

Memory Management

As describedin Section5.2, the memorymanagertries to
storein memorytheobjectsincidentuponthecells thatare



at the lowestlevel of detail for which the averagesizeof a
faceisgreaterthansomethreshold,andthesizeof anaverage
facedividedby its speedis greaterthananotherthreshold.If
eitherof thesevaluesis lessthanthecorrespondingthreshold
for all availablelevelsof detail of an object,we renderthe
objectat its lowestlevelof detail.

As theobservermovesthroughthemodel,anobjectmay
berenderedatdifferentlevelsof detailin successiveframes.
Ratherthanabruptlysnappingfrom onelevelof detailto the
next,weblendsuccessivelevelsof detailusingpartialtrans-
parency. Sincethecomplexityof anylevel is typically small
comparedto theoneof thenexthigherhigherlevel(by more
thana factorof two), theextratime spentblendingthe two
levelsduring transitiondoesnot constitutean undueover-
head,consideringthesmallfractionof objectsmakingatran-
sitionat thesametime.

5.2 Memory Management

Sincetheentiremodelcannotbestoredin memoryat once,
we mustchoosea subsetof objectsto storein memoryfor
eachframe,andswapobjectsin andoutof memoryin real-
time as the observermovesthroughthe model. As a min-
imum, we muststorein memoryall objectsto be rendered
in thenextframe. However, sinceit takesa relativelylarge
amountof timetoswapdatafromdiskintomemory, wemust
alsopredictwhichobjectsmightberenderedin futureframes
andbeginswappingtheminto memoryin advance.Other-
wise,frameupdatesmightbedelayed,waitingfor objectsto
bereadfrom diskbeforetheycanberendered.

As describedin Section4.2,we groupeachlevelof detail
for all objectsincidentuponthesamecell contiguouslyin the
displaydatabase.Totakeadvantageof therelativeefficiency
of large IO operations,we alwaysload all objectsincident
uponthesamecell intomemorytogetherat thesamelevelof
detail.Thus,ourmemorymanagementalgorithmmustcom-
putefor eachframewhich cell contentsto storein memory
at whichlevelsof detail.

In general,we storein memorythe contentsof the cells
containingtheobjectsmostlikely to berenderedin upcom-
ing frames.Specifically, we determinewhich cellsaremost
likely to containtheobserverin upcomingframes,andstore
in memoryall objectsincidentuponcellsvisiblefrom anyof
thesecells. Eachtimetheobserverstepsacrossacell bound-
ary, we traversethe cell adjacencygraph,consideringcells
in orderof theminimumamountof time beforethecell can
possiblycontaintheobserverusingashortestpathalgorithm.
The userinterfacealsoenforcessomelimits on the sizeof
a stepor turn that the observermay takein a singleframe.
For eachcell 
 , visited in the search,we mark andclaim
memoryfor the contentsof all cells visible from 
 in the
directionof the observer’s frustumup to the precomputed
maximumlevel of detailat which anyobjectincidentupon
thecell mightberenderedfor anobserverin 
 . Our search
terminateswhenall availablememoryhasbeenclaimedor
whenwe haveconsideredall possibleobserverviewpoints

morethansomemaximumamountof time in thefuture.We
thenreadthecontentsof all newlymarkedcellsintomemory,
possiblyreplacingthecontentsof unmarkedcells.

For instance,considerthe observerviewpoint shownin
Figure12. Cellsarelabeledby theminimumamountof time
(in seconds)beforetheycanpossiblybecomevisible to the
observer;andshadedby thelevelatwhichtheircontentsare
storedin memory– darkershadesrepresenthigher levels.
The cells surroundedby the thick-dashedline representthe
cellsvisitedduringthesearch,i.e. therangeof observerpo-
sitionsfor whichwe storevisibleobjectsin memory.
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Figure12: Cells labeledby the numberof secondsbefore
theycanpossiblybecomevisibleto theobserver, andshaded
by level of detail storedin memory(a darkershaderepre-
sentsahigherlevelof detail). Whitecellsarenotloadedinto
memory.

6 Results and Discussion

In this sectionwe presentandanalyzetestresultscollected
duringrealinteractivewalkthroughsperformedwith oursys-
tem. During thesetests,we loggedstatisticsregardingthe
performanceof our displayandmemorymanagementalgo-
rithms in real time as a userwalked throughthe building
model.

We presentresultsfor oneobserverviewpointusedasan
examplein thepreviousdiscussion(markedbyan‘A’ in Fig-
ure13),aswell asfor a full sequenceof observerviewpoints
generatedduringanactualwalkthroughalongthepathshown
in Figure13). The pathis about300 feet long, anda real-
istic physicalwalk alongit shouldtakeapproximatelyone
minute. All testswere performedon a VGX 320 Silicon
Graphicsworkstationwith two 33 MHz processorsand64
MB of memory.



Sincetheobserveris ata knownpointandhasvisionlim-
ited to a view cone emanatingfrom this point, we cancull
thesetof visible objectsevenfurther. We definetheeye-to-
cell visibility asthesetof all objectsincidentuponanycell
partiallyor completelyvisibleto theobserver(thelight stip-
pledregionsin Figure9). Clearly, the eye-to-cellvisibility
is alsoa supersetof the objectsactuallyvisible to the ob-
server. Thevisibleareain anycell is alwaystheintersection
of that(convex)cell with oneor more(convex)wedgesem-
anatingthroughportalsfrom the eyepoint. To computethe
eye-to-cellvisibili ty, we initialize the visible areawedgeto
theinteriorof theview cone,andtheeye-to-cellvisibility to
thesourcecell. Next, we performa constraineddepth-first-
search(DFS)of thestabtree,startingat thesourcecell, and
propagatingoutward.Uponencounteringaportal,thewedge
is suitablynarrowed,andthenewly reachedcell is addedto
theeye-to-cellvisibility set.If thewedgeis disjointfrom the
portal,theactivebranchof theDFSis terminated.

Finally, we estimatethe eye-to-object visibility, a nar-
rowersupersetof theobjectsactuallyvisibleto theobserver,
by generatingthe intersectionof thecell-to-objectandeye-
to-cell sets. For example,considerthe observerviewpoint
shownin Figure9. The eye-to-objectvisibility set (filled
squares)containsall objectsin theintersectionbetweenthe
cell-to-object(all squares)and eye-to-cell (gray regions)
sets.It is a smallsubsetof all objectsin themodel,but still
an over-estimateof the actualvisibility of the observer. In
Figure9, onlyonesquarelies in acell visibleto theobserver
andcanbe seenfrom somepoint insidethe cell containing
the observer, but is not visible from the observer’s current
viewpoint.ColorPlateIII depictstheeye-to-objectvisibility
setfor thisobserverviewpointin threedimensions.
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Figure9: Eye-to-objectvisibility. Shownareonly the po-
tentiallyvisibleobjects,i.e. theblackobjectsfrom Figure5.

Object Hierarchy

After we haveculledawayportionsof themodelthatarein-
visiblefrom theobserver’sviewpoint,we canfurtherreduce
thenumberof facesrenderedin eachframeby choosingan
appropriatelevelof detailatwhichto rendereachvisibleob-
ject. Sincetheimagemustultimatelybedisplayedin pixels,
it isuselesstorenderverydetaileddescriptionsof objectsthat
areverysmallor far awayfrom theobserverandwhichmap
to justafew pixelsonthedisplay(Figure10). Likewise,it is
wastefulto renderdetailsin objectsthataremovingquickly
acrossthe screenandwhich appearblurredor canbe seen
for only a shortamountof time (Figure11). Instead,we can
achievethesamevisualeffectby renderingsimplerrepresen-
tationsof theseobjects,consistingof just a few faceswith
appropriatecolors. This is a techniqueusedby commercial
flight simulators,howeverlittle hasbeenpublishedon these
systems[12].
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Figure10: Perceptibledetailis relatedto apparentsize.
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Figure11: Perceptibledetailis relatedto apparentspeed.

Ratherthan renderingall objectsat the highestlevel of
detailin everyframe,wechoosea levelof detailatwhich to
rendereachobjectbasedonits apparentsizeandspeedfrom
thepointof view of theobserver. Foreachlevelof detail,we
estimatethesizeof anaveragefacein pixels,andthespeed
of anaveragefacein pixelsperframe. We renderanobject



is storedwith eachsegmentsothatsegmentscanbereadand
released5 throughmultiple segmentreferencesquickly and
transparently.
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Figure7: Theimplementationof displaydatabasesegments.

4.2 Layout

Sincethe latencyoverheadof eachreadoperationis rela-
tively large, we groupthe segmentsfor all objectsincident
uponthesamecell contiguouslyin thedisplaydatabasefile.
This layoutallowsus to utilize thecell-to-cell visibility in-
formationfrom theprecomputationphaseto loadgroupsof
objects(thoselikely tobecomevisibleat thesametime) into
memoryin asingleIO operation.If anobjectis incidentupon
morethanonecell (i.e. straddlesa cell boundary),thenwe
storeit redundantly, oncefor eachcell.

Furthermore,we storedescriptionsof all objectsincident
uponthesamecell at thesamelevelof detailcontiguouslyin
thedisplaydatabase,asshownin Figure8. Within a single
cell, theobjectheadersappearfirst, followedby descriptions
of theobjectsat increasinglevelsof detail. As a result,all
objectsincidentupona cell at or up to any level of detail
may be readat oncein a single readoperationduring the
interactivewalkthroughphase.

5 The Walkthrough Phase

During the walkthroughphase,we simulate an observer
movingthroughthearchitecturalmodelunderusercontrol.
Thegoal is to renderthemodelasseenfrom theobserver’s
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Objects at Level #1
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Cell
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Figure8: The layoutof objectsincidentuponthesamecell
in thedisplaydatabase.

viewpointin awindowontheworkstationdisplayat interac-
tive frameratesastheusermovestheobserver’sviewpoint
throughthemodel.

Theprimaryproblemis thatbuildingmodelsareverylarge
andso1) do not fit into memory, and2) cannotberendered
completelyin aninteractiveframetime. Thuswemustiden-
tify a small, but relevant,portion of the model to storein
memoryandtorenderin eachframe.Weusetheresultsof the
visibility precomputationalongwith theobjecthierarchyof
thedisplaydatabaseanddynamiccullingalgorithmsto iden-
tify which objectsarevisible to theobserver, andchoosean
appropriatelevel of detail for eachone. We load into mem-
ory andrenderonly relevantlevelsof detail for potentially
visibleobjects.

5.1 Display Management

Weusetwotechniquesto reducetheamountof datarendered
in eachframe:1)wecomputethesubsetof objectsvisibleto
theobserverusingareal-timevisibility analysisbasedonthe
resultsof theprecomputationphase,and2)wechooseanap-
propriatelevelof detailatwhichto rendereachvisibleobject
from the objecthierarchyconstructedduring the modeling
phase.Usingthesetechniques,weareabletocull awaylarge
portionsof themodelthatareirrelevantfrom theobserver’s
viewpoint,andthereforeachievemuchshorterrefreshtimes.
Moreover, computationsaredonein parallelwith thedisplay
of thepreviousframeanddonot increasetheeffectiveframe
time.

Visibility Analysis

To computethesetof objectsto renderfor a givenobserver
viewpoint,wefirst identify thecell containingtheobserver’s
positionandfetchitscell-to-objectvisibili ty fromthedisplay
database.Sincethe cell-to-objectvisibili ty containsall ob-
jectsvisible from anyviewpointin a givencell, it is always
a supersetof the objectsactuallyvisible to a particularob-
serverin thatcell. It is typically a smallsubsetof theentire
model.
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Figure3: Cell-to-cellvisibility andstabtree.
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Figure4: In general,only a fraction of the reachedcell is
visibleto thesource.
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Figure 5: Computing cell-to-object visibility; the filled
squaresaremarkedvisible.

4 The Display Database

The resultsof the modelingandprecomputationphasesare
storedin a displaydatabasedesignedspecificallyto identify
andswaprelevantobjectsinto memoryquickly as the ob-
servermovesthroughthemodelduringtheinteractivewalk-
throughphase.Thestructureof thedisplaydatabaseisshown
in Figure6.
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Figure6: A structuraldiagramof thedisplaydatabaseshow-
ing entities(boxes)andrelationships(diamonds).

4.1 Segments

All entities(e.g. cells, portals,objects,etc.) arestoredin
segments in the displaydatabase.A segmentis simply an
abstractionfor a variable-sizedcontiguousgroup of bytes
in a displaydatabasefile that can be readand releasedas
a unit. Eachsegmentis representedby its size,a byteoffset
into a file, anda pointerinto memory, asshownin Figure7.
The arrangementof bytesin a segmentis identicalin mem-
ory andon disksothatonly pointerswithin a segmentmust
be updatedwhena segmentis read(requiringoneaddition
perpointer);thereis no needto allocateextramemoryor to
moveor copybytes.With theseproperties,segmentscanbe
swappedquickly in andoutof memory.

All relationships(e.g.adjacent,incident,visible,etc.) are
storedin segment references in thedisplaydatabase.A seg-
mentreferencecanbe representedby eitheran integerseg-
mentID (if it hasnotyetbeenreadintomemory)orapointer
to a segment’s datain memory. At any time, a segmentref-
erencemayberead(convertedfrom anID toapointer)or re-
leased(convertedfrom apointertoanID). A referencecount



The subdivisionterminateswhenall sufficiently large, ax-
ial opaqued elementsin themodelarecoplanarwith anaxial
boundaryplaneof at leastonesubdivisionleaf cell.

After subdivision,cell portals (i.e., the transparentpor-
tions of sharedboundaries)are identified and storedwith
eachleafcell, alongwith anidentifierfor theneighboringcell
towhichtheportalleads(Figure2). Enumeratingtheportals
in thiswayamountstoconstructinganadjacency graph over
theleafcellsof thesubdivision;two leaves(nodes)areadja-
cent(shareanedge)if andonly if thereis aportalconnecting
them.All thevisibility computationsto bedescribedexploit
theadjacencygraphdatastructure.

Thisprocedurecanbeappliedquickly. At thecostof per-
forminganinitial

�e���
lg
���

sort,thesplit dimensionandab-
scissacanbedeterminedin time

�e��fg�
ateachsplit,where

f
is thenumberof facesstoredwith thenode.We havefound
thatthesesubdivisioncriteriayieldatreewhosecell structure
reflectsthe“rooms” of ourarchitecturalmodel.Forourfloor
modelwith 1920split faces,the subdivisioncreated1280
cellsand3600portalsin 23seconds.

3.2 Cell-to-Cell Visibility

Oncethespatialsubdivisionhasbeenconstructed,we com-
puteandstorecell-to-cell visibility for eachleafcell, i.e. the
setof cells visible to an observerable to look in all direc-
tionsfrom anypositionwithin thecell. Thecell-to-cellvis-
ibilit y for a cell 
 containsexactlythosecells to which an
unobstructedsightline leadsfrom 
 . Sucha sightlinemust
bedisjointfrom anyopaqueelementsandmustintersect,or
stab, a portalin orderto passfrom onecell to thenext(Fig-
ure 2). Sightlinesconnectingcells that are not immediate
neighborsmusttraversea portal sequence, eachmemberof
which lies on theboundaryof an interveningcell. We have
implementeda procedurethatfindssightlinesthroughaxial
portalsequences,or determinesthatnosuchsightlineexists,
in
�����

lg
���

time, where
�

is the numberof portalsin the
sequence[7].
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Figure2: Stabbinganaxial portalsequencein threedimen-
sions.

We computethe cell-to-cell visibility by constructinga
stab tree for eachleafcell 
 of thesubdivision[11] asshown
in Figure3. Eachnodeof thestabtreecorrespondsto a cell

visible from 
 ; eachedgeof the stabtreecorrespondsto a
portal stabbedaspart of a portalsequenceoriginatingon a
boundaryof 
 . Thestabtreeisconstructedincrementallyus-
ing a constraineddepth-firstsearchon theadjacencygraph.
As eachcell is encounteredby the depthfirst search,it is
effectively marked“visible” by its inclusioninto thesource
cell’sstabtree.Foranysourcecell 
 , wesaythatacell q is
reached if q is in 
 ’scell-to-cellvisibility set.

3.3 Cell-to-Object Visibility

Cellsthatareimmediateneighborsof thesourcecell areen-
tirely visible to it, sincethe eyepointcanbe placedon the
sharedportal. Cellsfartherawayfrom thesource,however,
are in generalonly partially visible to an observerin the
sourcecell. This is dueto the fact that, as the lengthof a
portalsequenceincreases,thecollectionof linesstabbingthe
entiresequencetypically narrows.

Castingthe sightlinesearchasa graphtraversalyields a
simplemethodfor computingthepartiallyvisibleportionof
eachreachedcell. First, thetraversalorients eachportalen-
countered,sincetheportalis traversedin aknowndirection.
Thuseachportalcontributesa “lefthand” anda “righthand”
constraintto thesetof sightlinesstabbingthesequence.The
result, after steppingthrough

�
portals in the plane, is a

bowtie-shapedbundleof lines thatstabseveryportalof the
sequence,andwhich “fans out” beyondthefinal portal into
an infinite wedge. This wedgecan thenbe clipped to the
boundaryof thereachedcell. In ourthreedimensionalmod-
els, all portalsareaxial rectangles,so any portal sequence
cangenerateat mostthreepairsof bowtie constraints(one
from eachcollectionof portaledgesparallelto the r , s , andt axes).ColorPlateII depictstheclippedpolyhedralwedges
for a sourcecell in threedimensions.

Wedefinecell-to-object visibility asthesetof objects that
canbeseenby anobserverconstrainedto agivensourcecell

 (but, again,free to moveanywherein 
 andlook in any
direction). For eachreachedcell q , we computea superset
of 
 ’s cell-to-objectvisibility in q by assemblinga setof
halfspaces boundingthe portionof q visible from 
 . We
thenstorewith 
 thoseobjectsin q thatarecompletelyor
partially insidethe assembledhalfspaces.Onespecialcase
exists:all objectsin 
 ’sneighborcellsaretaggedasvisible
from 
 withoutanybowtiecomputations.

Figure5 depictsthis processin two dimensions,usinga
simplifiedfloorplanof ourthree-dimensionaltestmodel.The
objectsfoundpotentiallyvisible from the source(the filled
squaresin Figure5) areassociatedwith thesourcecell and
reachedcell in a compactedrepresentationof the stabtree.
Later, in the interactivewalkthroughphase,this object list
will be retrievedand culled dynamicallybasedon the ob-
server’spositionandview direction.



building model from AutoCAD floor plansandelevations,
andpopulated themodelwith furniture.Next,duringthepre-
computation phase, we perform a spatial subdivisionand
observer-independentlightingandvisibility calculations.Fi-
nally,duringthewalkthroughphase, wesimulateanobserver
movingthroughthebuildingmodelunderusercontrolwith
themouse,renderingthemodelasseenfrom theobserver’s
viewpoint in eachframe. The display database is the link
betweenthesethreephases.It storesthecompletebuilding
model,alongwith the resultsof the precomputationphase,
for useduringthewalkthroughphase.
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Figure1: Systemoverview.

2 Modeling Phase

Our walkthroughsystemrequiresa detailed3D modelof a
building, completewith furnitureandrealisticmaterialand
lighting information.

Wefirst converttheraw21
2D modelreceivedfrom thear-

chitectsin AutoCAD DXF format [3] into a consistent3D
representationin BerkeleyUNIGRAFIX format [10]. Un-
fortunately, the raw architecturalmodelsthat we received
werenot truethree-dimensionalmodelsandcontainednon-
planarfaces,coincidentcoplanarfaces,improperfaceinter-
sections,andinconsistentfaceorientations.Duringconver-
sion,ourprograms[9] detectandautomaticallycorrectmany
of theseanomalies.Any remainingmodelingerrorsarecor-
rectedmanuallyusinginteractivetools.

Wethenpopulatethearchitecturalmodelwith stairs,furni-
tureandotherobjectsthatauserwouldexpecttofindin atyp-
icalbuilding. Wehavegeneratedhighlydetaileddescriptions
for severalpiecesof furnitureusinginteractivemodelingpro-
grams,and receivedothersfrom Greg Ward of Lawrence
BerkeleyLaboratories.We placeinstancesof theseobjects
into the building model usingboth automaticand interac-
tive placementprograms.Wehavewrittenseveralprograms
thatautomaticallyplaceobjectsinto specifictypesof rooms

basedon setsof parameters.For instance,the “conference
roomgenerator” placesarectangularor elliptical tablein the
middle of a room,chairsall aroundit, a blackboardon one
wall, a transparencyprojectoron the table,andso on. The
“office generator” placesa deskagainstonewall, a chair in
frontof thedesk,somebookshelvesagainstthewalls,andso
on. Numerousparametersareavailablefor theusertocontrol
thesize,numberandplacementof objectswith eachof these
programs.We havealsowritten a programfor interactively
placingobjectsinto a three-dimensionalmodel. It allowsa
userto add,delete,or moveobjectinstanceswith real-time
visualfeedback.

Gradually, we load the walls and furniture of the build-
ing modelinto the walkthroughdisplaydatabase.The dis-
play databaserepresentsthe building modelasa setof ob-
jects (e.g. walls, desks,chairs, telephones,pencils, etc.),
eachof which canbe describedat multiple levelsof detail
[6]. We constructlessdetailedrepresentationsof objects
from the highly detailedoriginalsusingan interactivede-
signtool thatallowsausertosimplify 3Dobjectsbydeleting
andmerging verticesandfaces. For instance,we construct
five representationsof adesk:1) ahighly detaileddeskwith
facessubdividedalonggradientsof radiosity, 2) a slightly
less-detaileddeskwith simplehandlesandlarger faces,3)
an evenless-detaileddeskwithout any handlesat all, 4) a
coarselydetaileddeskwith only legsanddrawers,and5) a
simplebox. Theseobjectabstractionhierarchiesareadjusted
interactivelysothattransitionsbetweenlevelsarebarelyno-
ticeableasonezoomsclosertoanobjectanddetailis refined.
Levelsof detailarechosendynamicallyduring the interac-
tivewalkthroughphaseto improverefreshratesandmemory
utilization.

Sofar, we havebuilt a completelyfurnishedmodelof the
sixthfloor of SodaHall, theplannedcomputersciencebuild-
ing at U.C. Berkeley. This floor modelhasa total of 2,320
objects,representedatuptofive levelsof detail,andcontains
over400,000faces,requiring68MB of storage.ColorPlate
I showsa top-viewof themodel.

3 The Precomputation Phase

After thecompletebuildingmodelhasbeenloadedinto the
displaydatabase,we distribute themodelinto a spatial sub-
division andperforma visibility analysis of themodelcells
andobjects.Theresultinginformationisstoredin thedisplay
databasefor useby thedisplayandmemorymanagemental-
gorithmsduringthewalkthroughphase.

3.1 Spatial Subdivision

We subdividethe model using a variant of the u - v tree
data structure[4]. Splitting planesare introducedalong
the major opaqueelementsin themodel,namelythe walls,
door frames,floors, andceilings(detailsaregiven in [11]).
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Abstract

We describetechniquesfor managinglargeamountsof data
duringaninteractivewalkthroughof anarchitecturalmodel.
Thesetechniquesarebasedonaspatialsubdivision,visibility
analysis,andadisplaydatabasecontainingobjectsdescribed
atmultiplelevelsof detail. In eachframeof thewalkthrough,
we computea setof objectsto render, i.e. thosepotentially
visiblefrom theobserver’sviewpoint,andasetof objectsto
swapinto memory, i.e. thosethat might becomevisible in
thenearfuture. We chooseanappropriatelevel of detailat
whichto storeandto rendereachobject,possiblyusingvery
simple representationsfor objectsthat appearsmall to the
observer, therebysavingspaceandtime. Using thesetech-
niques,we cull awaylargeportionsof themodelthatareir-
relevantfrom theobserver’sviewpoint,andtherebyachieve
interactiveframerates.
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1 Introduction

Interactivecomputerprogramsthatsimulatetheexperience
of “walking” througha building interior are useful for vi-
sualizationand evaluationof building modelsbefore they
are constructed.However, realistic-lookingbuilding mod-
elswith furnituremayconsistof tensof millionsof polygons
andrequiregigabytesof data- farmorethantoday’sworksta-
tionscanrenderat interactiveframeratesor fit into memory
simultaneously. In ordertoachieveinteractivewalkthroughs
of suchlargebuildingmodels,a systemmuststorein mem-
ory and renderonly a small portion of the model in each
frame; that is, theportionseenby the observer. As theob-
server“walks” throughthemodel,somepartsof themodel
becomevisible andothersbecomeinvisible; someobjects
appearlargerandothersappearsmaller. Thechallengeis to
identify therelevantportionsof the model,swaptheminto
memoryandrenderthemat interactiveframerates(at least
tenframespersecond)astheobserver’sviewpointis moved
underusercontrol.

Using the designof SodaHall, a plannedcomputersci-
encebuildingatUC Berkeley, asatestobject,wehavecom-
pletedthefirst versionof a systemthatsupportsinteractive
walkthroughsof large,fully furnishedbuildingmodels.Our
systembuilds uponpioneeringwork by Airey andBrooks
[1,2,5] andusesconceptualideasgoingbacktoJones[8] and
Clark [6]. The specialfeaturesof our systemare1) a hier-
archicaldisplaydatabasethat describesthe building model
as a setof objectsrepresentedat multiple levelsof detail;
2) a spatialsubdivisionandvisibili ty analysisin which the
buildingmodelisdividedintocells,andcell-to-cellandcell-
to-objectvisibili ty informationis computed;3) a real-time
memorymanagement algorithmfor swappingobjectsin and
outof memoryastheobservermovesthroughthemodel;and
4) a real-timerefreshalgorithmfor choosingwhich objects
to renderat which levelsof detailin eachframe.

1.1 System Overview

Our systemis dividedinto threedistinctphasesasshownin
Figure1. First,duringthemodeling phase, we constructthe

1


