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Abstract

TheTreelixtaposesystenfMGT 03] allowedvisualcomparisorof large treeswith guaranteedvisibility of land-
marksand Focus+Cont&t navigation.While that systenmallowedexploration and comparisorof larger datasets
thanpreviouswork, it waslimited to a singletreeof 775,000nodeshy a large memoryfootprint. In this paper we
describethe theoetical limitationsto Treedixtaposer$ architecture that severely restrictits scalability. e pro-
vide two scalable robust solutionsto theselimitations: TICand TIC-Q.TJCis a systemnthat supportsbrowsing
treesup to 15 million nodesby exploiting leading-edg graphicshardware while TIC-Q allows browsingtrees
up to 5 million nodeson commodityplatforms.Both of thesesystemaisea fastnew algorithm for drawing and
culling andbene t froma completeredesigrof all data structuesfor more ef cient memoryusaje and reduced

preprocessingime

Catagyoriesand SubjectDescriptorgaccordingto ACM CCS} 1.3.6 [ComputerGraphics]:Graphicsdatastructures

anddatatypes

1. Intr oduction

Marny domains require the manipulation and com-
prehension of complex hierarchical datasets. To ad-
dress this need, mary visualization systemshave been
developed that support interactve browsing of large
trees|CN0O2 LRP95 Mun98 PGBO03. Despitethecontinu-
ing progressn scalability suchastherecentTreeJuxtaposer
systenthathandlesupto 775,000nodedMGT 03], dataset
sizehasgrown aswell, andmary importantdatasetsutstrip
our ability to explore them interactvely. For example,
reconstructinghe ancestratelationshipdetweerall knowvn
specieson Earth, a tree estimatedto contain at least 10
million leaves,is a currentgrandchallengefor evolutionary
biologists[Pen03. Genealogicatreescontainhundredsof
millions of humannames[Anc04]. The ability to explore
thehugeprooftreestraversecby automatedheorenyprovers
couldhelp peoplesteerveri cation systemsut of currently
intractablecomputationabottleneck§ TBK92].

In this paperwe presentwo systemsTJC,which allows
interactive browsing of treesof up to 15 million nodeson
recentgraphicshardware,andTJC-Q,for browsingtreesup
to 5 million nodeson commodity machinesBoth support
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theaccordiondrawing techniquerecentlydevelopedin the
TreeJuxtaposdimJ) applicationfMGT 03].

Accordiondraving hastwo key characteristicsa stretch-
and-squismavigation metaphor and guaranteedisibility.
This requirementhatmarked objectsbe visible at all times,
evenwhenthey fall into highly compressedcreen-spacee-
gionssmallerthanone pixel, cannotbe met by straightfor
ward drawing, culling, and picking algorithms.The bene t
of this guarantees drasticallyreducednavigation time for
taskswhereit is possibleto accuratelymarkregionsof inter-
est,asdiscussegyreviously [MGT 03].

TJ was originally designedto facilitate both browsing
treesto build a mentalmodelof their topologicalstructure,
andstructuralcomparisorbetweertwo or moretrees.n this
work, we focusonly on the taskof browsing. We do so for
much larger datasetghan could be handledpreviously by
introducingmorerobustandscalablealgorithms.

1.1. Challenges

Weaddresdour key challengesn theinteractve exploration
of very largehierarchicaldatasets:

Memory Footprint We limit oursehesto a processsize of
2GBin orderto usestandaraperatingsystemmemoryman-
agemenffacilities. Fitting a tree of 15 million nodesinto
2GB requiresusingan averageof only 143 bytesper node.
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Of course,simply browsing the topological structureof a
treewould be of little usewithout alsodrawving textual la-
bels for a signi cant fraction of the nodes,so storagefor
thosestringsis includedin our pernodememorybudget.

Pre-processingTime The needfor minimal startuptime
is animportantaspectof software usability At startup,we
must not only parsethe entire tree, but also carry out ary
pre-processingtepsof spatiallayoutanddatastructurecre-
ation.

Drawing and Culling An ideal drawving algorithm would
renderonly the visible partsof the sceneeven whenfaced
with high depth complity, while guaranteeingrisibility
of ary marled areaseven if they are shrunkto subpbel
size.If the guaranteedisibility constraintis relaxed, then
straightforvard approachego draving and culling, as in
[vWvdW99, would sufce andthe amountof work to be
donewould be proportionalto the size of the screenHow-
ever, ensuringmark visibility malkes theseproblemsmore
dif cult. The quadtree-baseiJ algorithmworks for trees
of a few hundredthousandhodes,but the culling is incor
rectfor treesof millions of nodes,andgapsmay appearin
someplaceswvhereedgesshouldbevisible. Their algorithm
alsoincurslarge performancepenaltiesby carryingout ex-
cessve overdraving andmaintaininga sortedpriority queue
of itemsto bedrawvn.

Edge Picking Using a mouseto selectedgesin a scene
shouldincur as little computationaloverheadas possible.
Mouse-basedpicking presentsa sampling problem: the
mouselocation is given as integer pixel coordinates but
the true resolution of the structure being dravn can be
much more ne-grained. This mismatchis particularly se-
vere when consideringour nonlineardistortion-basedap-
proachto navigation. A robustsystemshouldallow theuser
to pick ary geometridtem thatis dravn.

1.2. Contrib utions

TJC and TJC-Q provide scalableaccordiondranving with

new datastructureshatusefarlessmemorythanthoseof TJ,

improved algorithmsto drasticallyincreasedraving speed,
andacompletelynew approactto picking thatusescutting-
edgegraphicshardware to provide pixel-accuratepicking

while saring bothtime andmemory

RedesignedAr chitecture We have createda scalablesys-
temthroughcarefulredesignEvery datastructurehasbeen
carefully consideredand eithereliminatedor redesignedo
reduceébothmemoryfootprintandstartupcost.Ourarchitec-
turecanhandletreesof 5 million nodeson commodityplat-
forms, and 15 million nodeson systemswith leading-edge
graphicshardware.

Edge Drawing We presenta nev unied algorithm for
drawing andculling edgesThis methodensureghatno vis-
ible gapsappearavoids most overdraving, guaranteeshe

visibility of marked areas,andis fastenoughto draw the
entire scenein lessthan a secondfor ary tree size on a
workstation-resolutiodisplay

Edge Picking We presenta new robust picking algorithm
that exploits moderngraphicshardware, allowing us to re-
placelarge datastructureswith lightweightonesthatcanbe
createdqjuickly. We solve theaforementionedamplingmis-
matchby usingmultiple renderingtargetsto determinethe
edgethatis the currentfocusof userinteraction.

2. Previous Work

TJC and TIC-Q were inspired by the TreeJuxtaposefTJ)
systemandits accordiondraving techniqud MGT 03]. TJ
was written in Java, whereaswe have chosento work in

C++.Althoughthelanguageswitchdoesreduceourmemory
requirementsomavhat, the primary reductionscomefrom

our nev datastructuresand architecture The switch does
affect processindgime, especiallythetime to parsea le.

Mary treedrawing systemsave beenpresentedh avari-
ety of applicationdomains.Therecentsuney of Hermanet
al. discusse®ver onehundredsystemdor interactingwith
visualrepresentationsf treesandgraphd HMMO0O], but few
arescalableThe TreeMapapproactto visualizinglarge hi-
erarchiehasrecentlybeenscaledup to treesof onemillion
nodeqFP03, but their space- lling approachis suitablefor
exploring attribute valuesof the nodesratherthantopologi-
calstructure.

Marny application-speci ctree draving systemsare use-
ful for only small datasetshecausethe only navigational
controls are panning and rigid zooming. PhyloDrav is
one of mary examplesin the applicationdomain of phy-
logery [CIKCOQ. TheTreeWz systentor exploring phylo-
genetidreescanaccomodaté&reesof 50,000node§RBB0Z
by aggrgatingsubtreesnto supernodet avoid visualclut-
ter, but the exploration methodis extremely disorienting:
clicking onanaggregatednodespavnsanew window show-
ing its subtree.

In theseapproacheshe screenarearequiredto lay out
atreegrows exponentiallyasits depthincreasesso details
aretoo smallto comprehendvhenlooking at an overview
of the entiretree, and panningaroundthe tree after zoom-
ing in to seedetailscanbe extremelydisorienting. Theidea
of using surroundingcontet to help peoplestay oriented
wheninvestigatingthe detailsof large datasetfiasbeenex-
tensvely exploredin theinformationvisualizationliterature
underthe nameFocus+Contet [LRP95. Among the most
scalablewere systemshat usedthe mathematicof hyper
bolic geometryfor a sheye-like effect, with treesof around
10,000nodesin the 2D caseand 100,000nodesin the 3D
case[Mun9g. Although thesesystemswere effective for
browsing large local regions of trees,usersstill lost track
of their globallocationin very largetrees.

TJ addressethis problemwith the global Focus+Contet
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Figure 1: TreedixtaposerQuadtee Structue. The bottom
level of the quadtee de nes a grid with vertical lines be-
tweenead level of thetopolaggical treeandhorizontallines
betweeread leaf Asthesizeof thetreegrows,thecellsbe-
comemud wider than they are tall. For roughlybalanced
trees,increasingthe sizeof the tree by onelevel halvesthe
heightof a cell while thewidthis madeonly slightly smaller

navigation metaphorof a stretchablerubbersheetwith its
borderstacked dovn, asnamedby Sarkaret al. [SSTR93.
The accordiondrawing techniqueproposedby TJ com-
binesthis rubbersheetmetaphomwith guaranteedisibility
of landmarkregions. SpaceTee [PGB03 and Degree-Of-
InterestTrees[CNOZ] are Focus+Contet treevisualization
systemshatuseaggregateglyphsto shav surroundingcon-
text for the data, whereasthe oppositeaccordiondraving
approachstrives for the highestpossibleinformation den-
sity. This choiceimposessigni cant challengesrequiring
aggressie culling to achieve realtimerendering.However,
the lightweightinteractionof simply moving the mousein-
sidethewindow allows usersto quickly explorealargefrac-
tion of their datasetsvithoutthe overheadf explicit naviga-
tion. The stretch-and-squishpproachallows for extremely
uid navigationwhentheuserdoeschooseo do so.

3. QuadtreeLimitations in Treedixtaposer

TJreliesheaiily onaquadtredo supporiaccordiordraving.
The quadtreesenes four main purposesplacing nodesin
screenspaceculling to terminaterecursve drawing, draw-
ing edgesn sortedorder andspatialsubdvision for picking.
Theuseof aquadtreehasseveraldravbackswhentrying to
work with treescontainingseveralmillion nodesIn thissec-
tion, we discusghe quadtreausedby TJ andits limitations,
motivatingtheimprovementswve presentn latersectionsin
overcomingtheselimitations, we were ableto remove the
quadtreeentirely allowing usto meetour memoryrequire-
ments.

3.1. Placing Nodes

We use the term GridCell ~ for nodesin the quadtree,
to distinguishthemfrom the TreeNode s in the topologi-
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cal tree.In TJ, the GridCell s at the bottomlevel of the

quadtredform a grid in which to placeTreeNode s. Mun-

zneret al. [MGT 03] describehow to extend a standard
quadtredo supportdistortion-baseaavigationby encoding
thepositionof linesin thegrid relative to eachotherin ahi-

erarchicaktructure Both lookup andupdateof the absolute
positionof aline in spacecanbe donein logarithmictime

relative to the numberof leavesin the topologicaltree,due
to the hierarchyshavn in Figure 1. The usercanstretchor

shrink the quadtreeby dragginglines of the grid closerto-

getheror further apart.Any interactionthereforecreatesa

globaldeformationof thetree.

3.2. Culling

After TJ's quadtreds created,TreeNode s areattachedo
GridCell sto createa relationshipbetweenthe TreeN-
ode andits screen-spacextent. The boundingbox for that
nodeis de ned by its horizontaledge(connectinghe node
to its parent),andits vertical edge(connectingthe nodeto
its children).A nodeis attachedo thelowestGridCell  in
the quadtreghat completelyenclosest. The boundingbox
ofaGridCell  thusprovidesanupperboundonthescreen-
spaceextentof all edgesattachedo it andto its children.TJ
usegheGridCell  sizeasaheuristicto determinevhether
or notedgesattachedo aGridCell  shouldbevisible and
shouldthereforebedrann.

When renderingvery large trees,basingthe culling de-
cisionon GridCell  propertiesis not a scalablesolution
for two reasonsFirst, the correspondencketweerthe spa-
tial extentsof aGridCell  andits attachededgeshecomes
moredistortedasthe sizeof thetreeincreasesAs the num-
berof leavesin thetreeincreasesndthetreestaysroughly
balancedthe GridCell s becomemuchwider than they
aretall (Figure 1). When this happensthe GridCell  is
a poor approximatiorof the true boundingbox, andtesting
whethera GridCell 'sareaor heightis lessthana pixel is
anincorrectterminationconditionfor the recursve draving
procedureresultingin visible gapsin therendering.

Evenif we computethe exactboundingbox of the edges
attachedo a GridCell , a secondproblemremains.The
spatialextent of thoseedgess differentthanthe spatialex-
tentof the subtreegormedby their descendants thetopo-
logical tree. The latter extentis neededor a correcttermi-
nation test becausehe subtreecan fall outsidethe spatial
region representedby the GridCell . In this case,culling
the edgesattachedo a GridCell ~ would alsoresultin in-
correctlyculling edgesoutsidethat GridCell , dueto the
drawing algorithmdiscussedh the next section.

3.3. Drawing

Drawing in TJ is handledwith a progressie renderingap-
proach.The coreassumptioris thatthe numberof geomet-
ric itemsto draw in the scenewill often outstripthe capa-
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Figure 2: Subtee Culling. Left: For any givensubtee we
ched the top-mostand bottom-mosteaves(marked in red)
to determinaf they mapto the samepixel. Right: If so,then
the entire subtee mapsto the samerow of pixels, with y-
coorinatey2.We canthendraw only the edgesbetweerthe
rootof thesubteeandthetop-mosteaf, markedin red. This
attened pathmapsto a singlestraightline onthe screen.
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Figure 3: Guaranteeingthe visibility of marked edgesin a

small subtee For the subtee starting at node 1, we must
continuedescendingnto thetreeuntil we nd a subteethat

is eitherhomaeneouspr eitherthetop or bottom attened

path of all edgesfromthe root to the top-mostleaf is com-
pletely marked. For the subtee starting at node9, we see
that all edges along the line from the root to the top-most
leafare marked,andweonly needto drawthe attenedpath

of edgesfor nodes9, 10,and11.

bilities of the graphicspipeline. Therefore,drawing items
in orderof “importance”would allow bothinteractvity and
a goodview asthe sceneis gradually lled in. Itemsare
dravn by poppinga GridCell  off aqueueanddrawing all
of its attachededges.Thoseedges'parents'and children’s
enclosingGridCell  sarethenenqueuedin orderto avoid
confusingintermediateviews, they sort the queueaccord-
ing to local topologicalcoherencen orderto maximizethe
contet aroundthe startingpoints.The queueis seededvith
the GridCell  in which interactionlast occurred,andone

GridCell  from eachactive setof landmarks(which are
guaranteetb bedrawn).

Thequeueof GridCell sisimplementedusingthe Java
TreeSet datastructureasortedpalancedbinarytreethat
supportdogarithmicinsertionanddeletion. The numberof
nodesin the queueis frequentlya majorfraction of all visi-
ble nodes sothe computationabverheadf this approachs
considerableThis overheadcausegerformanceo be lim-
ited by the booleepingtask of maintainingthe queue,and
yields graphicsperformancetwo ordersof magnitudeless
thantheraw capabilitiesof thegraphicsaccelerator

3.4. Picking

Quadtreeprovide supportfor picking objectsin the scene
by usingalogarithmic-timerecursvetraversalfrom thenode
to ary leaf. Although the resolutionof the quadtreesubdi-
vision is boundedonly by oating-point precision,mouse
eventsarereportedin integer screencoordinatesThis mis-
matchcausesa seriousproblemfor sufciently largetrees,
wherea GridCell  canonly be reachedhrougha mouse
eventif theGridCell s largerthanapixel in bothdimen-
sions,or it straddleshe borderof two pixels.

In denseareaof thetree,thereis apickableedgeat every
mouseposition, so the fact that someedgesare unpickable
is not usually a problem.However, in sparseareasof the
tree,a singleedgemight be plainly visible but unpickable.
Although expandingthatregion is oneapproachto making
the desirededgepickable,requiring suchnavigation could
interferewith the users exploratoryintent.

4. Combining Drawing and Culling

We presenta new draving andculling algorithmthatelimi-
natesall visible gaps,avoids mostoverdraving, guarantees
thevisibility of markedareasandis fastenoughto draw the
visible partsof a 15-million-nodedatasetin lessthanone
second.

Our methodavoidsthe useof heuristicsby exploiting the
relationshipbetweena subtrees structureandits pixel co-
ordinatesFor ary subtreewe nd the currentabsolutelo-
cation of its two boundaryleaves (Figure 2). If thesetwo
leaves mapto the samepixel in screenspacethenthe en-
tire subtreewill mapto a horizontalrow of pixels. We can
thendraw only the singlepathfrom the subtrees root to its
topmosteaf.

This approachstill supportsTreeJuxtaposes'notion of
guaranteedisibility. We can checkfor marksin a subtree
by comparingthe rangeof nodesin the subtreeto a list of
marked rangesin the entiretree (Figure 3). If we usenode
indicesfrom eithera preorderor a postordetraversalof the
tree thensubtregangesareexactfMGT 03]. Whenwe nd
a attenedpathfrom therootto eitherthetop or bottomleaf

submittedto EURDGRAPHICS |IEEE VGTC Symposiunon Visualization(2005



D. Beermanr& T. Munzner& G. Humpheys/ Scalable RohustVisualizationof Very Large Trees 5

we cansafelycull therestof the subtreeif it is entirely ei-

ther marked or unmarled. If thereis a mix of marked and
unmarled nodesin the subtreewe mustcontinueour recur

sive descentnto the subtreeThe pathologicaworstcaseof

atreewhereall the leaves (but noneof the interior nodes)
aremarkeddoesnotarisein practicebecauseisergypically
markentiresubtrees.

Both drawing andculling arenow basedentirely on tree
topology and do not dependon ary propertiesof Grid-
Cell s.In addition,thereis now little benet to drawing
itemsin orderof “importance”,becauseour draving algo-
rithm requiresa nearly constantamountof work after the
datasetize surpassa particularpoint (Table 1). We elimi-
natethe extremeperformancepenaltyof updatinga sorted
queueof itemsto be dravn, insteadusing a simple FIFO.
Thetime to draw large treesis now determineckentirely by
thesizeof thescreen.

5. Robust Picking in Hardware

As we discussedn section3.4, TreeJuxtaposes'quadtree-
basedpicking methodmakes somevisible objectsunpick-
able.We insteadhandlepicking by exploiting leading-edge
graphics hardware capabilities, eliminating the need for
quadtredraversal Recengraphicshardwaresupportanex-
tensionto OpenGLallowing multiplerendettargets[Arc02].
This extensiongives us the ability to drav encodededge
identi er informationinto an offscreenbuffer at the same
time thatwe draw colorinto thedraw buffer.

Theedgedenti er is speci edusingOpenGLssecondary
color state,anda simplefragmentprogramdirectsthe edge
colorinto the frameluffer for display andtheidenti er into
the offscreenpicking buffer. Whenwe needto knov what
edgea mouseevent refersto, we simply readbacka pixel
from this buffer andusetheresultsto nd the choseredge.
Becauseve only reada single pixel, this picking methodis
extremelyfast.It alsoeliminatesthe needfor the quadtree,
giving dramaticmemory savings. Currently this technique
supportdreesof upto 16 million nodesbecausef the24-bit
precisionof OpenGLs secondarycolor. However, it would
betrivial to usethe 32-bit primary color to encodethe edge
identi er, and usethe 24-bit secondarycolor to drav the
edgesdn the framehuffer.

6. ReplacingQuadtreeswith Grids

The approachesdescribedabove for fast and accurate
culling, drawing, and picking eliminate the need for a
quadtreeHowever, we still needto supportthe stretchable
navigation of accordiondraving. We employ a lightweight
grid datastructurewhere horizontal and vertical lines are
decoupledrom eachotherand storedseparatelyOur grid
structureis very similar to the O-huffer, extendedto sup-
portour navigationalneedd QK04]. Figure4 shavs thatwe
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Figure 4: Grid Structue. We replacethe quadtee with a
lightweight hierarchical grid that still allows stretchable
navigation,but with decouplecorizontalandvertical lines.
Eadh line is representedy a split valuewith respecto a set
of two parentlines,shownby mamonannotationlines.Each
nodehasa row index for a horizontalrefelenceline plusa
vertical offsetfromit (magenta), plus a columnindex for a
vertical refeienceline plusa horizontaloffset(green).

still usea hierarchicalapproachof storingthe relative dis-

tancewherea child line forms a split betweentwo parent
lines. Every TreeNodein the topologicaltree storesa row

index andvertical offsetfrom the split line for thatrow, and

similarly a columnindex and horizontal offset. The sepa-
ratearraysof p verticallinesandq horizontallinesleadsto

anO(p+ g) memorycostfor our grid, whichiis far cheaper
thanthe O(p q log(p Q)) upperboundfor a quadtree.
Moreover, building this datastructureis fastenoughthatthe

time it takesto build it is greatlyoutweighedby thetime to

parsethe le, asshawvn in Figure®6.

7. Low-Memory Quadtrees

In Section5 we presentedin algorithmthat supportspick-

ing throughgraphicshardwareratherthanquadtredraversal,
but that approachdependson cutting-edgegraphicshard-
ware.Mary potentialusersof our treevisualizationsystem
will be using commaodity platforms.We presentTJC-Q, a

secondsystemthat runs on commodityhardware and uses
guadtreesvith adrasticallyreducednemoryfootprint. TIC-

Q canhandletreesof 5 million nodes,afactorof threeless
thanthe 15 million nodesof thequadtree-fredJC.

Thecritical factorin reducingmemoryconsumptions re-
ducing the perobject memory cost as our data structures
containseveral million objects.We useinheritanceas one
methodto decreasememory usage creatingseparatdeaf
cell andinterior cell classesdderived from a commonpar
ent. Thethreemajortypesof datathatGridCellscontainare



6 D. Beermanr& T. Munzner& G. Humpheys/ Scalable RohustVisualizationof Veery Large Trees

structuralpointers,edgeattachmentsand positionalsplits.
All GridCells needa structuralpointerto the parentGrid-
Cell. Interior cells requirefour structuralpointersto child
GridCells,but leaf cellsdo not.

Leafcellsalsodonotrequireany edgepointers:iedgesan
only be attachedn the interior becausehey alwaysspanat
leasttwo leaf GridCells. For interior cells, we store edge
pointersin a resizeablevector becauseghe numberof at-
tachededgescannotbeknow a priori. The STL [Sil94] vec-
tor classhasaslightly higherstaticoverheadhanwe would
like, andtheir policy of growing vectorsby doublingin size
greatlyincreasesherequiredmemory We useasimplevec-
tor class,requiring8 bytesto storethe index andarraysize,
andagrowth policy thatstateghatarraysizeis incremented
by aconstanvalueof 4 items.This policy guaranteeamax-
imumof 12unusedytespervectorin theworstcaseof 3 un-
usedpointers.The number4 wasselectedhfterexperiments
shavedit to be a goodcompromisebetweerincreasedun-
ningtime from memorycopying andincreaseanemorysize
from unusedtems.

The third kind of GridCell datais positional informa-
tion pertainingto the split lines that form cell boundaries.
In TreeJuxtaposeeachGridCell storesanindex to the ar
raysholdingtherelative split valuesin boththeverticaland
horizontaldirections andthe computedabsolutepositionof
thelinesthatform its four boundarieandtwo splitsin both
world and screencoordinatesFirst, leaf cells do not need
to storesplit information.More importantly we obsere that
the sameposition information is redundantlystoredwhen
we attachit to aGridCellratherthantheline in question Al-
thoughthecombinationof thesetwelve absolutgoositionsis
uniquefor eachGridCell, ary oneof thesevaluesis shared
by multiple GridCellsandthuscomputednultiple timesand
cachedn multiple placesFor instancethe sameline would
correspondo the bottomof every GridCellin arow, thetop
of every GridCellin the next row, andalsothesplit or top or
bottomof mary otherGridCellsat differentquadtredevels.

Thelightweightline-basedyrid describedn the previous
sectionis exactly the right datastructureto store this ab-
solute position information. In TIC-Q eachGridCell only
storesa pointerto the vertical andhorizontalgrid lines that
form the two splits. This changebringsthreebene ts; rst,
the obvious perobjectmemoryreduction.Secondupdating
thenodepositionbetweerframesis muchfasterbecauseip-
datedgrid line valuesaresharedetweermultiple GridCells
ratherthan being updatedfor eachone. Finally, thesein-
dicescan also be initialized dynamically as we createthe
quadtreeremoving the needfor a post-processraversalof
thequadtreadatastructure.

8. Results

We have addressethe four mainchallengesn draving ex-
tremely large trees: minimizing memory use, minimizing

2000
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Figure 5: Data Structue SizesWe compae the theoetical

memoryrequiementf the quadtee-basedreedixtaposer
(TJ), the optimizedquadtee of TIC-Q,and the lightweight
grid of TJC. Thesetheoetical numbes were geneated by

inspectingclass elds ratherthan instrumentinga running

executable so as not to include overheaddueto language

differencesAs expectedtherequired memoryfor ead data
structue grows linearly, but the constantfactor is smaller
with TIC-Q and mud smaller with TJC. Note that these
numbes do not include edge attachmentinformation for

reasonglescribedn Sectiors.

startuptime, correctandef cient draving, andcorrectpick-
ing. We presenttwo results:the TJC systemthat exploits
leading-edgegraphicshardware to handletreesof 15 mil-

lion nodes,and the TJC-Q systemthat handlestreesof 5
million nodeson commaodity hardware. Thesesystemsal-
low usersto browvsetreesmuchlargerthanthe previous TJ
limit of 775,000nodes giving datasesizeimprovementsof
up to 1.2 ordersof magnitude We also note that the num-
berspublishedn the original TJ paperfor a singletreeused
aJavaheapof 1100MB,allowing for amaximumtreesizeof
550,000n0des Increasinghe heapsizeallowed usto view

a slightly largertree. All resultsin this paperare from an
Athlon 1800with 2GB of memoryandanATl Radeorf800.

Figure5 compareshememoryrequiredfor thethreedata
structuresn thequadtree-basetll, thequadtree-litelr JIC-Q,
andthe quadtree-fre§ JC. Both TICand TJC-Qusea grid
datastructurewhosesize dependon the width p (number
of leaves) plus the heightq (numberof levels) of the grid,
ratherthanon n, thetotal numberof nodesn thetree.Topo-
logical treeswith n TreeNodesequirea quadtreewith ap-
proximately2 n GridCells.TJ storesthis grid information
redundantlyrequiringthe larger memorycost. The TIC-Q
quadtreeavoidsthe extra costfor the grid andgainsa large
bene t from the architecturalredesignstatedin Section?7.
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Figure 6: TJC StartupTimes. The bulk of startuptime is
spenton the unavoidabletask of parsing the le. Prepro-
cessingime refers to a treetraversal which initializes cer
tain datamembes suc astherowandcolumnfor anynode
Thesortingtimeis an optional addition.

Nodesin Tree w/ Cull w/oCull NodesDrawn
7161 0.030 0.037 5846
35346 0.106 0.145 23648
190265 0.216 0.746 51255
524287 0.092 1.566 40940
1048575 0.113 3.042 31522
2097151 0.140 6.077 37293
4194303 0.192 12.60 43538
8388607 0.239 24.66 50356
14680061 0.286 —_ 56137

Table 1: Drawing Performance We showtwo performance
measues for our drawing and culling algorithm: the time

to draw the scenewith vs. without culling, and the number
of nodesdrawn (with culling). Our nev methodachievesa

nearconstantdrawing time for any sizetree Notethat for

thelargesttreg we are not ableto enqueuall nodesin the

treeasthesizeof thevectorgrowstoo large for theapplica-

tionto t in mainmemory

Replacingthe TIC-Qquadtreewith the TIC grid allows us
to handledatasetshreetimeslarger

The quadtreenumbersshavn in Figure 5 are also quite
conserative. We do not include edgeattachmentnforma-
tion, asthe TIC-Qvectorsfor edgeattachmentreslightly
different than TJ's, and TJ can only handle treesup to
775,000nodessothisinformationwould beanestimateany-
way. Nonethelessthe gure still shavs that we have suc-
ceededn drasticallyreducingthe perobjectmemorycost.
TJrequiredl.4GBof memoryto handle786,000nodes for
a total pernodecostof 1912 bytes,whereasTJC canhan-
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dle 14.68million nodeswith 1.7GB of memory for atotal
pernodecostof 124 bytes.

Our secondchallengewas reducingthe startuptime re-
quiredto view a datasetFor a tree of 512K nodes,TJ re-
quiredatotal of 14.1seconddgor parsing,and63.1seconds
of preprocessingime. TJC offers an order of magnitude
speeduprequiring2.2 seconddor parsingand1.4 seconds
of preprocessingme. A largepartof our preprocessingme
is takenup by anoptionalsort,asshavn in Figure6, which
allows the userto searchfor a particularnodeby name.lIf
this capabilityis not required,we canbuild our datastruc-
turesin a fraction of the parsingtime. We usethe standard
engineeringsolutionof Flex andBison for parsingin order
to concentrat®n theresearclpiecesof the problem.

Oneway to evaluatethe succes®f our new draving and
culling algorithmis to considerthe numberof nodesdravn
comparedo thetotalnumberof nodesn thetree.As we dis-
cussin Section3.2, the scalabilitylimits in the old method
meantthatto avoid spuriousgapsin the image,every node
in thetreehadto bedrawn. Theeffectivenesf our new al-
gorithmin reducingthatnumberis demonstrateth Tablel.
We achieve a nearconstantdraning time even astree size
increasedecausehe numberof nodesdravn grows very
slowvly comparedo the size of the treeitself. The slow in-
creasen thedrawing occursbecaussomenew nodescanbe
drawn in formerly sparseegionsof the screenThe greatly
improved draving speedallows usersto see much more
globalcontext while interactingwith thetree.

9. FutureWork

If we couldimprove renderingspeedslightly, we couldcom-
pletely eliminatethe restof the progressie renderingover

head.Flushingthe graphicspipeline is expensve, and its

eliminationwould resultin an even larger increasen ren-
derspeedWe arestill limited by thetime it takesto update
thegrid hierarchyratherthetime it takesto draw thetree.

We would alsolike to explore bettermethodsfor guar
anteedvisibility. Our currentmethoddoesnot performwell
whenmary leavesdeepin the treearemarked, aswe need
to continueto descendnto thetreeuntil we nd them.This
casedoesnot seemto appearin practice,but nonetheless
could be a potentialproblem.Although our currentmethod
is fastenoughthatevenif the entiretreeneedsto be dravn
the userwill only have to wait for a short period of time;
a method that eliminatesrather than avoids overdraving
would be appealing.

10. Conclusion

Wehaveidenti ed thetheoreticabndpracticallimitationsof
usingquadtree-basenhethodsto draw large trees,and sur
mountedtheserestrictionswith new algorithms.We present
two new systemsTJC exploits leading-edggraphicshard-
ware for picking, allowing us to completelyeliminatethe
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Figure 7: SceenshobfTJCduring interaction, running on
atreeof 14.6million nodeswith a windowsizeof 1024x768.

guadtreeandscaleto datasetsf 15million nodesasizeim-

provementof morethananorderof magnitudebeyond pre-
viouswork. The TIC-Qsystemprovidesan orderof magni-
tudeincreaseon commodityplatforms,becausef our dras-
tic reductionin the quadtreememory footprint. For trees
of 15 million nodes.the TJC systemcancarry out all pre-
processingvithin two minutes,anddisplaytheentiretreein

lessthanonesecond.
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