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mostlikely to bevisibleto theobserveiin upcomingframes
in orderof decreasingirgency Oneof thetwo processorsf

the VGX is usedfor pre-fetchingdataconcurrentlywith the
renderingof the currentframe. The resultspresentechere
weregatheredrom awalk alongthe testpathshownin Fig-

ure13. Sincethe currentfloor modelis notvery large com-
paredto the memorycapacityof ourmachineweimposean
artificial BMB limit onthe amountof objectdatathatcanbe
storedin memoryatanyonetime. As the observer‘walks”

alongthepath,we swapdatain andoutof memory neverex-
ceedinghe8MB limit. Wearestill experimentingvith tech-
niguesto controlthe interactionbetweenour memoryman-
agementlgorithmandthe pagingof the operatingsystem.
Thusthedatabelowmustberegardedastentativeandrather
preliminary More reliable datawill be gatheredoncethe
fully furnishedmodelof the whole buildingbecomesavail-

able.

Figure14 showsa plot of the numberof bytesthat must
bein memoryin orderto renderthevisible partsof thescene
(lowercurve);superimposed a plot of thenumberof bytes
our algorithmloadsinto memoryin preparatiorfor possible
nearterm observermoves. As expected theseamountsof
datafluctuatestronglydependingon whetherthe observelis
in arelativelysimplepartof the modelwith ratherconfined
views, or whetherthe visible cells stretchout to greatdepth
alongseveraldirections. In all, we read 52MB during the
261frames.
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Figure14: Comparisorof the amountsf datafetchedfrom
disk (top curve)and actuallyneededor rendering(bottom
curve) while following the walkthroughtest path; marked
spotscorrespondo thelabelsshownin Figure13.

In generalwe areableto pre-fetchobjectsbeforetheyare
renderedandsotheobservecanmovesmoothlythroughthe
model. However therearea few casesin which the mem-
ory managelis not ableto predictwhich objectsare going
to becomevisible to the observerfar enoughin advanceto
pre-fetchthem,andsothe usermay haveto wait while they
arereadinto memory As the observerturnsa cornerin a

corridor, the visible setof objectscan changedramatically
This promptsa requestfor a large amountof new datato
be loadedinto memory For the worst-casecorners(labels
‘B’ and’C’), thecoprocessois busyfor about8 secondso
prefetchontheorderof 2 MB of datathatmight be usedin
the nearfuture. However theamountof dataneededmme-
diatelyfor the renderingof the nextframeis muchsmaller;
becauseof parallelprocessingresultingobservabledelays
areonthe orderof a coupleof secondgor a worst-casesit-
uationin our model. We are developingmoresophisticated
pre-fetchingechniqueshatuseabetterpredictionof theob-
servets motion.

7 Conclusion

Our paperdescribesa systemfor interactivewalkthroughs
of very large architecturalmodels. It builds a hierarchical
display databasecontainingobjectsrepresentect multiple
levelsof detailduringthe modelingphase performsa spa-
tial subdivisionandvisibility analysisduringa precomputa-
tion phaseandusesreal-timedisplayandmemorymanage-
mentalgorithmsduring a walkthroughphaseto judiciously
selecta relevantsubseif datafor rendering. We haveim-
plemented first versionof this system,andtestedit in real
walkthroughsof a completelyfurnishedmodel of the sixth
floor of theplannedComputeiSciencebuildingatUC Berke-
ley. Ourinitial resultsshowthatthesedisplayandmemory
managemat techniquesare effective at culling away sub-
stantialportionsof the model, and make interactiveframe
ratespossibleevenfor very largemodels.

8 Acknowledgements

We aregratefulto DelnazKhorramabadfor herefforts con-
structingthebuildingmodel,andto PaulHaeberlifor hishelp
in producinghecolorplates.SiliconGraphics]nc.,donated
a320VGX workstatiorto thisprojectaspartof agrantfrom
theMicroelectronicdnnovatiorandComputeResearctOp-
portunities(MICRO) programof the Stateof California.

Refer ences

[1] Airey, JohnM. Increasing Update Ratesinthe Building
Walkthrough System with Automatic Model -Space Sub-
divisionand Potentially Visible Set Calculations. Ph.D.
thesis,UNC ChapeHill, 1990.

[2] Airey, JohnM., Rohlf, JohnH., andBrooks,Jr., Fred-
erick P. Towardsimagerealismwith interactiveupdate
ratesin complexvirtual building environmentsACM
S GGRAPH Special Issue on 1990 Symposium on In-
teractive 3D Graphics, 24,2 (1990),41-50.

[3] Autocad Reference Manual, Release 0, Autodeskinc.,
1990.



Figure13: Testpaththroughthe buildingmodel.

Display M anagement

Asdiscusseth Sectiorb.1,we computehesetof potentially
visible objectsby generatinguccessivelysmallersupersets,
culling away objectsinvisible to the observer The sizesof
thesesets,andthetimes(in secondsjequiredto renderthem
areshownfor viewpoint'A’ in Tablel andaverageaverthe
testwalkthroughpathin Table2. Onaveragewe areableto
cull away 94% of the modeland reducerenderingtime by
afactorof 17 by renderingonly objectsin the eye-to-object
visibility setratherthanthe entirebuildingmodel.

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%

Tablel: 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 appropriatdevel of detail at which

to rendereachpotentiallyvisible objectbasedon its appar-
ent size and speedto the observer Statisticsregardingthe
numberof facesandthetime requiredto rendereachframe
usingdifferentpixels-petfacethresholdgor viewpoint ‘A’
andaverageaverthetestpathareshownin Tables3 and4,
respectively Usablerenderingmodesfor which little or no
degradationn imagequalityis perceptiblg> 256pixelsper
face),areshownin boldtypeface.

ColorPlateslV, V andVI showthe differencebetweera
staticimageproducedusingthe highestevel of detailfor all
objects(PlatelV) andonegeneratedvith reducedevelsof
detail for objectswith fewerthan256 pixelsperface (Plate
V). PlatelV has23,468facesandtook 0.34secondgo ren-
der, whereasPlateV has7,555facesandtook0.17 seconds.
Theseimageswererenderedvithoutinterpolatedshadingor
antialiasingin orderto accentuatalifferences— notice the
reducedtessellatiorof the chairsfurtherfrom the observer
PlateVI showswhichlevel of detailwasusedfor eachobject
in PlateV (adarkershadeepresentsahigherlevelof detail).

Overall, after computingthe setof potentiallyvisible ob-
jectsandchoosinganappropriatdevel of detailfor eachob-
ject,we areableto cull awayanaveragef 97%of thebuild-
ing modelandreducerenderingiime by anaveragedactorof
39in 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 | 017 | 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 | 016 | 3.3%

256 141 | 6,176 | 014 | 25%
512 141 | 4,745 | 0.12 | 2.0%
1024 141 | 3,427 | 0.10 | 1.4%

Table4: Averagedetail cull resultsfor testwalkthrough.

Memory M anagement

As describedin Section5.2, the memory managertries to
storein memorythe objectsincidentuponthe cellsthatare



at the lowestlevel of detail for which the averagesize of a
faceis greatethansomethresholdandthesizeof anaverage
facedividedby its speeds greateithananothethreshold.If
eitherof thesevaluesis lessthanthecorrespondinghreshold
for all availablelevelsof detail of an object,we renderthe
objectatits lowestlevel of detalil.

As the observemmovesthroughthe model,an objectmay
berenderedtdifferentlevelsof detailin successivérames.
Ratherthanabruptlysnappingrom onelevel of detailto the
next,we blendsuccessivéevelsof detailusingpartialtrans-
parency Sincethe complexityof anylevelis typically small
comparedo theoneof thenexthigherhigherlevel (by more
thana factor of two), the extratime spentblendingthe two
levels during transitiondoesnot constitutean undueover-
headconsideringhesmallfractionof objectamakingatran-
sitionatthesametime.

5.2 Memory Management

Sincethe entiremodelcannotbe storedin memoryatonce,
we mustchoosea subsetof objectsto storein memoryfor

eachframe,andswapobjectsin andout of memoryin real-
time asthe observemmovesthroughthe model. As a min-

imum, we muststorein memoryall objectsto be rendered
in the nextframe. However sinceit takesa relativelylarge
amounbf timeto swapdatafrom diskinto memory we must
alsopredictwhichobjectsmightberenderedn futureframes
andbeginswappingtheminto memoryin advance.Other-
wise,frameupdatesnightbedelayedwaiting for objectsto

bereadfrom disk beforetheycanberendered.

As describedn Section4.2, we groupeachlevel of detail
for all objectsncidentuponthesamecell contiguouslyn the
displaydatabaseTotakeadvantagef therelativeefficiency
of large 10 operationswe alwaysload all objectsincident
uponthesamecell into memorytogethematthesamelevel of
detail. Thus,our memorymanagemenrdlgorithmmustcom-
putefor eachframewhich cell contentgo storein memory
atwhichlevelsof detail.

In general,we storein memorythe contentsof the cells
containingthe objectsmostlikely to berenderedn upcom-
ing frames. Specifically we determinewhich cellsaremost
likely to containthe observeiin upcomingframes,andstore
in memoryall objectsncidentuponcellsvisible from anyof
thesecells. Eachtimetheobservestepsacrossa cellbound-
ary, we traversethe cell adjacencygraph,consideringcells
in orderof the minimumamountof time beforethecell can
possiblycontaintheobserveusingashortespathalgorithm.
The userinterfacealso enforcessomelimits on the size of
a stepor turn thatthe observemmay takein a singleframe.
For eachcell C, visitedin the search,we mark and claim
memoryfor the contentsof all cells visible from C' in the
directionof the observets frustumup to the precomputed
maximumlevel of detail at which any objectincidentupon
the cell mightbe renderedor anobserverin C. Our search
terminatesvhenall availablememoryhasbeenclaimedor
whenwe haveconsideredall possibleobserverviewpoints

morethansomemaximumamountof time in thefuture. We
thenreadthecontentof all newlymarkedcellsintomemory
possiblyreplacingthe contentf unmarkeccells.

For instance,considerthe observerviewpoint shownin
Figurel12. Cellsarelabeledby theminimumamountof time
(in secondsheforethey canpossiblybecomevisible to the
observerandshadedy thelevel atwhichtheircontentsare
storedin memory— darkershadesepresenhigherlevels.
The cells surroundedy thethick-dashedine representhe
cellsvisitedduringthe searchj.e. therangeof observeipo-
sitionsfor which we storevisible objectsin memory

Figure 12: Cellslabeledby the numberof secondshefore
theycanpossiblybecomevisibleto theobserverandshaded
by level of detail storedin memory (a darkershaderepre-
sentsahigherlevel of detail). White cellsarenotloadedinto
memory

6 Resultsand Discussion

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

We presentesultsfor oneobserveriewpointusedasan
examplen thepreviousdiscussior{markedby an‘A’ in Fig-
ure13),aswell asfor afull sequencef observewriewpoints
generateduringanactuawalkthroughalongthepathshown
in Figure 13). The pathis about300 feetlong, anda real-
istic physicalwalk alongit shouldtake approximatelyone
minute. All testswere performedon a VGX 320 Silicon
Graphicsworkstationwith two 33 MHz processorand 64
MB of memory



Sincethe observeiis ata knownpointandhasvisionlim-
ited to a view cone emanatingfrom this point, we can cull
the setof visible objectsevenfurther. We definethe eye-to-
cell visibility asthe setof all objectsincidentuponanycell
partiallyor completelyvisible to the observer(thelight stip-
pledregionsin Figure9). Clearly, the eye-to-cellvisibility
is alsoa supersebf the objectsactuallyvisible to the ob-
server Thevisible areain any cell is alwaystheintersection
of that(convex)cell with oneor more(convex)wedgesem-
anatingthroughportalsfrom the eyepoint. To computethe
eye-to-cellvisibility, we initialize the visible areawedgeto
theinteriorof theview cone,andthe eye-to-cellvisibility to
the sourcecell. Next, we performa constrainediepth-first-
searchDFS) of the stabtree,startingat the sourcecell, and
propagating@utward.Uponencounteringportal,thewedge
is suitablynarrowedandthe newly reachectell is addedto
theeye-to-cellisibility set. If thewedgeis disjointfrom the
portal,theactivebranchof the DFSis terminated.

Finally, we estimatethe eye-to-object visibility, a nar-
rowersupersedf theobjectsactuallyvisibleto theobserver
by generatinghe intersectiornof the cell-to-objectand eye-
to-cell sets. For example,considerthe observerviewpoint
shownin Figure9. The eye-to-objectisibility set (filled
squaresyontainsall objectsin theintersectiorbetweenthe
cell-to-object(all squares)and eye-to-cell (gray regions)
sets.It is a small subsebf all objectsin the model,but still
an overestimateof the actualvisibility of the observer In
Figure9, only onesquardiesin acell visibleto theobserver
andcanbe seenfrom somepointinsidethe cell containing
the observey but is not visible from the observers current
viewpoint.ColorPlatelll depictstheeye-to-objecvisibility
setfor this observewiewpointin threedimensions.

Figure9: Eye-to-objectvisibility. Shownare only the po-
tentiallyvisible objects,.e. theblack objectsfrom Figure5.

Object Hierarchy

After we haveculledawayportionsof themodelthatarein-
visible from theobservers viewpoint,we canfurtherreduce
the numberof facesrenderedn eachframe by choosingan
appropriatdevel of detailatwhichto rendereachvisible ob-
ject. Sincetheimagemustultimatelybe displayedn pixels,
it isuselessorendeverydetaileddescription®f objectghat
arevery smallor far awayfrom the observemandwhichmap
to justafew pixelsonthedisplay(Figurel0). Likewise, it is
wastefulto renderdetailsin objectsthataremovingquickly
acrossthe screenand which appearblurredor canbe seen
for only a shortamountof time (Figure11). Insteadwe can
achievehesamevisualeffectby renderingsimplerrepresen-
tationsof theseobjects,consistingof just a few faceswith
appropriatecolors. This is a techniqueusedby commercial
flight simulators howeverlittle hasbeenpublishedonthese
systemq17].

Observer

Figure10: Perceptibleletailis relatedto apparensize.

Apparent
Speed of
Chair

View Plane View Plane
#1 #2

Figurel11: Perceptibledetailis relatedto apparenspeed.

Ratherthanrenderingall objectsat the highestlevel of
detailin everyframe,we choosea level of detailatwhichto
rendereachobjectbasednits apparensizeandspeedrom
thepointof view of theobserver Foreachlevel of detail,we
estimatethe size of anaveragdacein pixels,andthe speed
of anaveragdacein pixelsperframe. We renderan object



is storedwith eachsegmensothatsegmentganbereadand
releasedthrough multiple segmentreferencesquickly and

Cell

Incident Objects A

transparently

Memory L File
Segment Index Segment Index
id id
type type
size size
file offset s file offset
memory pointer ~ —BNULL memory pointer
reference count : reference count
dirty bit dirty bit
id id
type type
size size
file offset file offset
memory pointer = — memory pointer
reference count reference count
dirty bit dirty bit

Figure7: Theimplementatiorof displaydatabassegments.

4.2 Layout

Sincethe latencyoverheadof eachread operationis rela-
tively large, we groupthe segmentdor all objectsincident
uponthesamecell contiguouslyin thedisplaydatabaséile.
This layout allows us to utilize the cell-to-cell visibility in-
formationfrom the precomputatiorphaseto load groupsof
objectqthoselikely to becomevisible atthe sametime) into
memoryin asinglelO operation.If anobjectisincidentupon
morethanonecell (i.e. straddlesa cell boundary)thenwe
storeit redundantlyoncefor eachcell.

Furthermoreye storedescription®f all objectsincident
uponthesamecell atthesamelevel of detailcontiguouslyn
the displaydatabaseasshownin Figure8. Within a single
cell, theobjectheaderappeafirst, followed by descriptions
of the objectsat increasinglevelsof detail. As aresult,all
objectsincidentupona cell at or up to any level of detail
may be readat oncein a single read operationduring the
interactivewalkthroughphase.

5 TheWalkthrough Phase

During the walkthrough phase,we simulate an observer
movingthroughthe architecturaimodelunderusercontrol.
The goalis to renderthe modelas seenfrom the observers

Object Headers

Objects at Level #1

Objects at Level #2

Figure8: The layoutof objectsincidentuponthe samecell
in the displaydatabase.

viewpointin awindow ontheworkstationdisplayatinterac-
tive frameratesasthe usermovesthe observers viewpoint
throughthe model.

Theprimaryproblemisthatbuildingmodelsareverylarge
andso 1) do notfit into memory and2) cannotbe rendered
completelyin aninteractiveframetime. Thuswe mustiden-
tify a small, but relevant, portion of the modelto storein
memoryandtorendetin eachframe. We usetheresultsof the
visibility precomputatioralongwith the objecthierarchyof
thedisplaydatabasanddynamicculling algorithmstoiden-
tify which objectsarevisible to theobserverandchoosean
appropriatdevel of detailfor eachone. We load into mem-
ory andrenderonly relevantlevelsof detail for potentially
visible objects.

5.1 Display Management

We usetwo techniqueso reducegheamountof datarendered
in eachframe: 1) we computethe subsedf objectsvisible to
theobserveusingareal-timevisibility analysidbasednthe
resultsof the precomputatiophaseand2) we chooseanap-
propriatelevel of detailatwhichto rendereachvisible object
from the objecthierarchyconstructedduring the modeling
phase Usingthesgechniquesweareableto cull awaylarge
portionsof the modelthatareirrelevantfrom theobservers
viewpoint,andthereforeachievemuchshorterefreshtimes.
Moreover computationgiredonein parallelwith thedisplay
of thepreviousrameanddonotincreaseheeffectiveframe
time.

Visibility Analysis

To computethe setof objectsto renderfor a givenobserver
viewpoint,we firstidentify thecell containingtheobservers

positionandfetchits cell-to-objectvisibility from thedisplay

database Sincethe cell-to-objectvisibility containsall ob-

jectsvisible from anyviewpointin a givencell, it is always

a supersebf the objectsactually visible to a particularob-

serverin thatcell. It is typically a small subsebf the entire

model.
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Figure3: Cell-to-cellvisibility andstabtree.

Figure4: In general,only a fraction of the reachedcell is
visibleto the source.

Figure 5: Computing cell-to-object visibility; the filled
squaresremarkedvisible.

4 TheDisplay Database

The resultsof the modelingand precomputatiophasesare
storedin a displaydatabaselesignedspecificallyto identify
and swap relevantobjectsinto memaory quickly as the ob-
servermovesthroughthemodelduringtheinteractivewalk-
throughphase Thestructureof thedisplaydatabases shown
in Figure6.

Cell
Visibility Information
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Boundary
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Objects
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Portal Object
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Levels of
Detail

Geometry
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Figure6: A structuraldiagramof thedisplaydatabasshow-
ing entities(boxes)andrelationshipgdiamonds).

4.1 Segments

All entities(e.g. cells, portals,objects,etc.) are storedin
segments in the displaydatabase.A segmentis simply an
abstractionfor a variable-sizedcontiguousgroup of bytes
in a display databasdile that can be readandreleasedas
a unit. Eachsegments representetby its size,a byte offset
into afile, anda pointerinto memory asshownin Figure7.
The arrangemenof bytesin a segments identicalin mem-
ory andon disk sothatonly pointerswithin a segmeninust
be updatedwhena segments read(requiringone addition
per pointer);thereis no needto allocateextramemoryor to
moveor copybytes.With thesepropertiessegmentganbe
swappedjuickly in andoutof memory

All relationshipge.g. adjacentjncident,visible, etc.) are
storedin segment references in the displaydatabaseA seg-
mentreferencecanbe representedby eitheranintegerseg-
mentlD (if it hasnotyetbeenreadinto memory)or apointer
to a segment datain memory At anytime, a segmentef-
erencemayberead(convertedrom anlD to apointer)or re-
leased convertedrom apointerto aniD). A referencecount



The subdivisionterminateswhen all sufficiently large, ax-
ial opaqueelementsn the modelare coplanarwith anaxial
boundaryplaneof atleastonesubdivisionleaf cell.

After subdivision,cell portals (i.e., the transparenpor-
tions of sharedboundaries)are identified and storedwith
eacheafcell, alongwith anidentifierfor theneighboringell
towhichtheportalleads(Figure2). Enumeratinghe portals
in thisway amountgo constructinganadjacency graph over
theleafcellsof thesubdivisiontwo leavesgnodes)readja-
cent(shareanedge)if andonlyif thereis aportalconnecting
them.All thevisibility computationgo be describedexploit
theadjacencygraphdatastructure.

Thisprocedureanbe appliedquickly. At the costof per-
forminganinitial O(n g n) sort,thesplit dimensionandab-
scissecanbe determinedn time O( f) ateachsplit, where f
is thenumberof facesstoredwith the node. We havefound
thatthesesubdivisiorcriteriayield atreewhosecell structure
reflectsthe“rooms” of ourarchitecturamodel. Forourfloor
modelwith 1920 split faces, the subdivisioncreated1280
cellsand3600portalsin 23 seconds.

3.2 Cell-to-Cell Visibility

Oncethe spatialsubdivisionhasbeenconstructedywe com-
puteandstorecell-to-cell visibility for eachleafcell, i.e. the
setof cells visible to an observerableto look in all direc-

tionsfrom any positionwithin the cell. The cell-to-cellvis-

ibility for a cell C' containsexactlythosecells to which an

unobstructedightline leadsfrom C'. Sucha sightlinemust
be disjointfrom any opaqueelementsaandmustintersect,or

stab, a portalin orderto passfrom onecell to the next(Fig-

ure 2). Sightlinesconnectingcells that are not immediate
neighboranusttraversea portal sequence, eachmemberof
which lies on the boundaryof aninterveningcell. We have
implementeda procedurethatfinds sightlinesthroughaxial

portalsequencegr determineghatno suchsightlineexists,
in O(nlgn) time, wheren is the numberof portalsin the
sequencé7].

Figure2: Stabbingan axial portalsequenceén threedimen-
sions.

We computethe cell-to-cell visibility by constructinga
stabtreefor eachleafcell C of thesubdivisior[11] asshown
in Figure3. Eachnodeof the stabtreecorresponds$o a cell

visible from C'; eachedgeof the stabtree correspondso a
portal stabbedas part of a portal sequenceriginatingon a
boundaryf C'. Thestahtreeis constructedncrementallyus-
ing a constrainedlepth-firstsearchon the adjacencygraph.
As eachcell is encounteredy the depthfirst search,it is
effectively marked"visible” by its inclusioninto the source
cell'sstabtree. Foranysourcecell C, we saythatacell R is
reached if R isin C’scell-to-cellvisibility set.

3.3 Cdll-to-Object Visibility

Cellsthatareimmediateneighborsof thesourcecell areen-
tirely visible to it, sincethe eyepointcanbe placedon the
sharedportal. Cellsfartherawayfrom the source however
are in generalonly partially visible to an observerin the
sourcecell. This is dueto the fact that, asthe lengthof a
portalsequencéncreasesthecollectionof linesstabbinghe
entiresequenceypically narrows.

Castingthe sightlinesearchas a graphtraversalyields a
simplemethodfor computingthe partially visible portionof
eachreachectell. First, thetraversalrients eachportalen-
counteredsincetheportalis traversedn aknowndirection.
Thuseachportalcontributesa “lefthand” anda “righthand”
constrainto the setof sightlinesstabbinghesequenceThe
result, after steppingthroughn portalsin the plane,is a
bowtie-shapedbundleof linesthat stabsevery portal of the
sequenceandwhich “fans out” beyondthefinal portalinto
an infinite wedge. This wedgecanthenbe clippedto the
boundaryof thereachectell. In ourthreedimensionamod-
els, all portalsare axial rectanglesso any portal sequence
can generateat mostthreepairs of bowtie constraintgone
from eachcollectionof portaledgesarallelto the z, y, and
z axes).ColorPlatell depictstheclippedpolyhedrawedges
for asourcecell in threedimensions.

We definecell-to-object visibility asthe setof objectsthat
canbeseenby anobserverconstrainedo agivensourcecell
C (but, again,free to moveanywherein C andlook in any
direction). For eachreachedccell R, we computea superset
of C’s cell-to-objectvisibility in R by assemblinga setof
halfspaces boundingthe portion of R visible from C. We
thenstorewith C' thoseobjectsin R thatare completelyor
partially insidethe assembledhalfspaces.Onespecialcase
exists:all objectsin C’sneighborcellsaretaggedasvisible
from C withoutanybowtie computations.

Figure5 depictsthis processn two dimensionsusinga
simplifiedfloorplanof ourthree-dimensionaéstmodel. The
objectsfound potentiallyvisible from the source(the filled
squaresdn Figure5) areassociatedvith the sourcecell and
reachedcell in a compactedepresentationf the stabtree.
Later, in the interactivewalkthroughphase this objectlist
will be retrievedand culled dynamically basedon the ob-
servets positionandview direction.



building modelfrom AutoCAD floor plansand elevations,
andpopulatehe modelwith furniture. Next, duringthe pre-
computation phase, we perform a spatial subdivisionand
observefindependerlightingandvisibility calculations Fi-
nally, duringthewal kthrough phase, we simulateanobserver
movingthroughthe buildingmodelunderusercontrolwith
the mouse renderingthe modelasseenfrom the observers
viewpointin eachframe. The display database is the link
betweerthesethreephases.It storesthe completebuilding
model, alongwith the resultsof the precomputatiorphase,
for useduringthewalkthroughphase.

Modeling Phase

AutoCad
Converter

UNIGRAFIX
Converter

Precomputation Phase

1
oy
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Figurel: Systemoverview

2 Modeing Phase

Our walkthroughsystemrequiresa detailed3D modelof a
building, completewith furniture andrealistic materialand
lighting information.

Wefirst converttheraw Z%D modelreceivedfrom thear-
chitectsin AutoCAD DXF format[3] into a consisten8D
representatioin BerkeleyUNIGRAFIX format[10]. Un-
fortunately the raw architecturalmodelsthat we received
werenottruethree-dimensionahnodelsandcontainedion-
planarfaces,coincidentcoplanarfaces,improperfaceinter-
sectionsandinconsistenfaceorientations.During conver-
sion,ourprogramg9] detectandautomaticallycorrectmany
of theseanomalies Any remainingmodelingerrorsarecor-
rectedmanuallyusinginteractivetools.

Wethenpopulatehearchitecturamodelwith stairs furni-
tureandotherobjectghatausemwouldexpectofindin atyp-
icalbuilding. Wehavegeneratedhighly detaileddescriptions
for severapiecesf furnitureusinginteractivemodelingpro-
grams,and receivedothersfrom Greg Ward of Lawrence
BerkeleylLaboratories.We placeinstancesf theseobjects
into the building model using both automaticand interac-
tive placemenprograms.We havewrittenseveralprograms
thatautomaticallyplaceobjectsinto specifictypesof rooms

basedon setsof parameters.For instance the “conference
roomgeneratot placesarectangulaor elliptical tablein the
middle of a room, chairsall aroundit, a blackboardon one
wall, a transparencyrojectoron the table,andsoon. The
“office generatot placesa deskagainstonewall, a chairin
frontof thedesk,somebookshelvesigainsthewalls, andso
on. Numerougparameterareavailablefor theuserto control
thesize,numberandplacemenbf objectswith eachof these
programs.We havealsowritten a programfor interactively
placingobjectsinto a three-dimensionahodel. It allowsa
userto add,delete,or move objectinstanceswith real-time
visualfeedback.

Gradually we load the walls and furniture of the build-
ing modelinto the walkthroughdisplaydatabase.The dis-
play databaseepresentshe building modelas a setof ob-
jects (e.g. walls, desks,chairs, telephonespencils, etc.),
eachof which canbe describedat multiple levels of detail
[6]. We constructless detailedrepresentationsf objects
from the highly detailedoriginals using an interactivede-
signtool thatallowsa userto simplify 3D objectsby deleting
and meging verticesandfaces. For instance we construct
five representationsf adesk: 1) a highly detaileddeskwith
facessubdividedalong gradientsof radiosity 2) a slightly
less-detailedeskwith simple handlesand larger faces, 3)
an evenless-detailedleskwithout any handlesat all, 4) a
coarselydetaileddeskwith only legsanddrawers,and5) a
simplebox. Theseobjectabstractiorhierarchiesareadjusted
interactivelysothattransitionsetweerevelsarebarelyno-
ticeableasonezoomscloserto anobjectanddetailis refined.
Levelsof detail are chosendynamicallyduringthe interac-
tive walkthroughphasedo improverefreshratesandmemory
utilization.

Sofar, we havebuilt acompletelyfurnishedmodelof the
sixthfloor of SodaHall, the plannedcomputeisciencebuild-
ing at U.C. Berkeley This floor modelhasa total of 2,320
objectsrepresentedtuptofive levelsof detail,andcontains
over400,000faces,requiring68MB of storage.Color Plate
| showsa top-viewof themodel.

3 The Precomputation Phase

After the completebuilding modelhasbeenloadedinto the
displaydatabasewe distribuie the modelinto a spatial sub-
division andperforma visibility analysis of the modelcells
andobjects.Theresultingnformationis storedn thedisplay
databaséor useby thedisplayandmemorymanagemersl-
gorithmsduringthe walkthroughphase.

3.1 Spatial Subdivision

We subdividethe model using a variant of the k-D tree
data structure[4]. Splitting planesare introducedalong
the major opaqueelementdn the model, namelythe walls,
door frames,floors, andceilings (detailsare givenin [11]).
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1 Introduction

Interactivecomputerprogramsthat simulatethe experience
of “walking” througha building interior are useful for vi-
sualizationand evaluationof building modelsbefore they
are constructed.However realistic-lookingbuilding mod-
elswith furnituremay consisof tensof millions of polygons
andrequiregigabyteof data- far morethantoday'sworksta-
tionscanrenderatinteractiveframeratesor fit into memory
simultaneouslyln orderto achieveinteractivewalkthroughs
of suchlargebuildingmodels,a systemmuststorein mem-
ory andrenderonly a small portion of the modelin each
frame;thatis, the portionseenby the observer As the ob-
server‘walks” throughthe model,somepartsof the model
becomevisible and othersbhecomeinvisible; someobjects
appeatargerandothersappearsmaller The challengeis to
identify the relevantportionsof the model, swaptheminto
memoryandrenderthemat interactiveframe rates(at least
tenframespersecondpstheobservetsviewpointis moved
underusercontrol.

Using the designof SodaHall, a plannedcomputersci-
encebuildingat UC Berkeley asatestobject,we havecom-
pletedthefirst versionof a systemthatsupportdnteractive
walkthroughsof large, fully furnishedbuildingmodels.Our
systembuilds upon pioneeringwork by Airey and Brooks
[1,2,5] andusesconceptuaideasgoingbackto Joneq8] and
Clark [6]. The specialfeaturesof our systemare 1) a hier-
archicaldisplaydatabasehat describeghe building model
as a setof objectsrepresentect multiple levels of detail;
2) a spatialsubdivisionandvisibility analysisin which the
buildingmodelis dividedinto cells,andcell-to-cellandcell-
to-objectvisibility informationis computed;3) a real-time
memorymanagemset algorithmfor swappingobjectsin and
outof memoryastheobservemovesthroughthemodel;and
4) areal-timerefreshalgorithmfor choosingwhich objects
to renderat which levelsof detailin eachframe.

1.1 System Overview

Our systemis dividedinto threedistinctphasesasshownin
Figurel. First, duringthe modeling phase, we constructhe



