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Abstract
TheTreeJuxtaposersystem[MGT� 03] allowedvisualcomparisonof largetreeswith guaranteedvisibility of land-
marksandFocus+Context navigation.While that systemallowedexploration andcomparisonof larger datasets
thanpreviouswork, it waslimited to a singletreeof 775,000nodesbya large memoryfootprint. In this paper, we
describethe theoretical limitations to TreeJuxtaposer's architecture that severely restrict its scalability. We pro-
vide two scalable, robustsolutionsto theselimitations: TJCandTJC-Q.TJCis a systemthat supportsbrowsing
treesup to 15 million nodesby exploiting leading-edge graphicshardware while TJC-Qallows browsingtrees
up to 5 million nodeson commodityplatforms.Bothof thesesystemsusea fastnew algorithmfor drawingand
culling andbene�t froma completeredesignof all datastructuresfor more ef�cient memoryusage andreduced
preprocessingtime.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.6 [ComputerGraphics]:Graphicsdatastructures
anddatatypes

1. Intr oduction

Many domains require the manipulation and com-
prehension of complex hierarchical datasets. To ad-
dress this need, many visualization systemshave been
developed that support interactive browsing of large
trees[CN02, LRP95, Mun98, PGB02]. Despitethecontinu-
ing progressin scalability, suchastherecentTreeJuxtaposer
systemthathandlesupto 775,000nodes[MGT� 03], dataset
sizehasgrown aswell, andmany importantdatasetsoutstrip
our ability to explore them interactively. For example,
reconstructingtheancestralrelationshipsbetweenall known
specieson Earth, a tree estimatedto contain at least 10
million leaves,is a currentgrandchallengefor evolutionary
biologists[Pen03]. Genealogicaltreescontainhundredsof
millions of humannames[Anc04]. The ability to explore
thehugeprooftreestraversedby automatedtheoremprovers
couldhelppeoplesteerveri�cation systemsout of currently
intractablecomputationalbottlenecks[TBK92].

In this paper, we presenttwo systems:TJC,which allows
interactive browsing of treesof up to 15 million nodeson
recentgraphicshardware,andTJC-Q,for browsingtreesup
to 5 million nodeson commoditymachines.Both support
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theaccordiondrawing technique,recentlydevelopedin the
TreeJuxtaposer(TJ)application[MGT� 03].

Accordiondrawing hastwo key characteristics:a stretch-
and-squishnavigation metaphor, and guaranteedvisibility.
This requirementthatmarkedobjectsbevisibleat all times,
evenwhenthey fall into highly compressedscreen-spacere-
gionssmallerthanonepixel, cannotbe met by straightfor-
ward drawing, culling, andpicking algorithms.Thebene�t
of this guaranteeis drasticallyreducednavigation time for
taskswhereit is possibleto accuratelymarkregionsof inter-
est,asdiscussedpreviously [MGT� 03].

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

1.1. Challenges

Weaddressfour key challengesin theinteractiveexploration
of very largehierarchicaldatasets:

Memory Footprint We limit ourselvesto a processsizeof
2GBin orderto usestandardoperatingsystemmemoryman-
agementfacilities. Fitting a tree of 15 million nodesinto
2GB requiresusinganaverageof only 143bytespernode.
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Of course,simply browsing the topologicalstructureof a
treewould be of little usewithout alsodrawing textual la-
bels for a signi�cant fraction of the nodes,so storagefor
thosestringsis includedin ourper-nodememorybudget.

Pre-processingTime The needfor minimal startuptime
is an importantaspectof softwareusability. At startup,we
must not only parsethe entire tree,but also carry out any
pre-processingstepsof spatiallayoutanddatastructurecre-
ation.

Drawing and Culling An ideal drawing algorithm would
renderonly the visible partsof the sceneeven whenfaced
with high depth complexity, while guaranteeingvisibility
of any marked areaseven if they are shrunk to subpixel
size. If the guaranteedvisibility constraintis relaxed, then
straightforward approachesto drawing and culling, as in
[vWvdW99], would suf�ce and the amountof work to be
donewould beproportionalto thesizeof thescreen.How-
ever, ensuringmark visibility makes theseproblemsmore
dif�cult. The quadtree-basedTJ algorithm works for trees
of a few hundredthousandnodes,but the culling is incor-
rect for treesof millions of nodes,andgapsmay appearin
someplaceswhereedgesshouldbevisible.Their algorithm
alsoincurslarge performancepenaltiesby carryingout ex-
cessiveoverdrawing andmaintainingasortedpriority queue
of itemsto bedrawn.

Edge Picking Using a mouseto selectedgesin a scene
should incur as little computationaloverheadas possible.
Mouse-basedpicking presentsa sampling problem: the
mouselocation is given as integer pixel coordinates,but
the true resolution of the structurebeing drawn can be
muchmore �ne-grained.This mismatchis particularlyse-
vere when consideringour nonlineardistortion-basedap-
proachto navigation.A robustsystemshouldallow theuser
to pick any geometricitem thatis drawn.

1.2. Contrib utions

TJC and TJC-Q provide scalableaccordiondrawing with
new datastructuresthatusefarlessmemorythanthoseof TJ,
improved algorithmsto drasticallyincreasedrawing speed,
andacompletelynew approachto picking thatusescutting-
edgegraphicshardware to provide pixel-accuratepicking
while saving bothtimeandmemory.

RedesignedAr chitecture We have createda scalablesys-
temthroughcarefulredesign.Every datastructurehasbeen
carefully consideredandeithereliminatedor redesignedto
reducebothmemoryfootprintandstartupcost.Ourarchitec-
turecanhandletreesof 5 million nodeson commodityplat-
forms,and15 million nodeson systemswith leading-edge
graphicshardware.

Edge Drawing We presenta new uni�ed algorithm for
drawing andculling edges.This methodensuresthatnovis-
ible gapsappear, avoids most overdrawing, guaranteesthe

visibility of marked areas,and is fast enoughto draw the
entire scenein less than a secondfor any tree size on a
workstation-resolutiondisplay.

Edge Picking We presenta new robust picking algorithm
that exploits moderngraphicshardware,allowing us to re-
placelargedatastructureswith lightweightonesthatcanbe
createdquickly. Wesolvetheaforementionedsamplingmis-
matchby usingmultiple renderingtargetsto determinethe
edgethatis thecurrentfocusof userinteraction.

2. PreviousWork

TJC and TJC-Q were inspiredby the TreeJuxtaposer(TJ)
systemandits accordiondrawing technique[MGT� 03]. TJ
was written in Java, whereaswe have chosento work in
C++.Althoughthelanguageswitchdoesreduceourmemory
requirementssomewhat, theprimary reductionscomefrom
our new datastructuresand architecture.The switch does
affectprocessingtime,especiallythetime to parsea �le.

Many treedrawing systemshavebeenpresentedin avari-
ety of applicationdomains.Therecentsurvey of Hermanet
al. discussesover onehundredsystemsfor interactingwith
visualrepresentationsof treesandgraphs[HMM00], but few
arescalable.TheTreeMapapproachto visualizinglargehi-
erarchieshasrecentlybeenscaledup to treesof onemillion
nodes[FP02], but their space-�lling approachis suitablefor
exploring attributevaluesof thenodesratherthantopologi-
calstructure.

Many application-speci�ctreedrawing systemsareuse-
ful for only small datasetsbecausethe only navigational
controls are panning and rigid zooming. PhyloDraw is
one of many examplesin the applicationdomainof phy-
logeny [CJKC00]. TheTreeWiz systemfor exploringphylo-
genetictreescanaccomodatetreesof 50,000nodes[RBB02]
by aggregatingsubtreesinto supernodesto avoid visualclut-
ter, but the exploration methodis extremely disorienting:
clicking onanaggregatednodespawnsanew window show-
ing its subtree.

In theseapproachesthe screenarearequiredto lay out
a treegrows exponentiallyasits depthincreases,so details
aretoo small to comprehendwhenlooking at an overview
of the entire tree,andpanningaroundthe treeafter zoom-
ing in to seedetailscanbeextremelydisorienting.Theidea
of using surroundingcontext to help peoplestay oriented
wheninvestigatingthedetailsof largedatasetshasbeenex-
tensively exploredin theinformationvisualizationliterature
underthe nameFocus+Context [LRP95]. Among the most
scalableweresystemsthat usedthe mathematicsof hyper-
bolic geometryfor a �sheye-like effect,with treesof around
10,000nodesin the 2D caseand100,000nodesin the 3D
case[Mun98]. Although thesesystemswere effective for
browsing large local regions of trees,usersstill lost track
of their globallocationin very largetrees.

TJ addressesthis problemwith theglobalFocus+Context
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Figure 1: TreeJuxtaposerQuadtree Structure. The bottom
level of the quadtree de�nes a grid with vertical lines be-
tweeneach level of thetopological treeandhorizontallines
betweeneach leaf. Asthesizeof thetreegrows,thecellsbe-
comemuch wider than they are tall. For roughlybalanced
trees,increasingthesizeof the treeby onelevel halvesthe
heightof a cell while thewidth is madeonlyslightlysmaller.

navigation metaphorof a stretchablerubbersheetwith its
borderstacked down, asnamedby Sarkaret al. [SSTR93].
The accordiondrawing techniqueproposedby TJ com-
binesthis rubbersheetmetaphorwith guaranteedvisibility
of landmarkregions. SpaceTree [PGB02] and Degree-Of-
InterestTrees[CN02] areFocus+Context treevisualization
systemsthatuseaggregateglyphsto show surroundingcon-
text for the data,whereasthe oppositeaccordiondrawing
approachstrives for the highestpossibleinformation den-
sity. This choice imposessigni�cant challenges,requiring
aggressive culling to achieve realtimerendering.However,
the lightweight interactionof simply moving themousein-
sidethewindow allowsusersto quickly explorea largefrac-
tion of theirdatasetswithout theoverheadof explicit naviga-
tion. The stretch-and-squishapproachallows for extremely
�uid navigationwhentheuserdoeschooseto do so.

3. QuadtreeLimitations in TreeJuxtaposer

TJreliesheavily onaquadtreeto supportaccordiondrawing.
The quadtreeserves four main purposes:placing nodesin
screenspace,culling to terminaterecursive drawing, draw-
ing edgesin sortedorder, andspatialsubdivisionfor picking.
Theuseof a quadtreehasseveraldrawbackswhentrying to
work with treescontainingseveralmillion nodes.In thissec-
tion, we discussthequadtreeusedby TJ andits limitations,
motivatingtheimprovementswepresentin latersections.In
overcomingtheselimitations, we were able to remove the
quadtreeentirely, allowing us to meetour memoryrequire-
ments.

3.1. Placing Nodes

We use the term GridCell for nodesin the quadtree,
to distinguishthemfrom the TreeNode s in the topologi-

cal tree.In TJ, the GridCell s at the bottomlevel of the
quadtreeform a grid in which to placeTreeNode s. Mun-
zner et al. [MGT� 03] describehow to extend a standard
quadtreeto supportdistortion-basednavigationby encoding
thepositionof linesin thegrid relative to eachotherin a hi-
erarchicalstructure.Both lookupandupdateof theabsolute
positionof a line in spacecanbe donein logarithmictime
relative to thenumberof leavesin the topologicaltree,due
to thehierarchyshown in Figure1. Theusercanstretchor
shrink the quadtreeby dragginglines of the grid closerto-
getheror further apart.Any interactionthereforecreatesa
globaldeformationof thetree.

3.2. Culling

After TJ's quadtreeis created,TreeNode s areattachedto
GridCell s to createa relationshipbetweenthe TreeN-
ode andits screen-spaceextent.Theboundingbox for that
nodeis de�ned by its horizontaledge(connectingthenode
to its parent),andits vertical edge(connectingthe nodeto
its children).A nodeis attachedto thelowestGridCell in
thequadtreethatcompletelyenclosesit. Theboundingbox
of aGridCell thusprovidesanupperboundonthescreen-
spaceextentof all edgesattachedto it andto its children.TJ
usestheGridCell sizeasaheuristicto determinewhether
or notedgesattachedto a GridCell shouldbevisibleand
shouldthereforebedrawn.

When renderingvery large trees,basingthe culling de-
cision on GridCell propertiesis not a scalablesolution
for two reasons.First, thecorrespondencebetweenthespa-
tial extentsof a GridCell andits attachededgesbecomes
moredistortedasthesizeof thetreeincreases.As thenum-
berof leavesin thetreeincreasesandthetreestaysroughly
balanced,the GridCell s becomemuch wider than they
are tall (Figure 1). When this happens,the GridCell is
a poorapproximationof the trueboundingbox, andtesting
whethera GridCell 'sareaor heightis lessthana pixel is
anincorrectterminationconditionfor therecursive drawing
procedure,resultingin visiblegapsin therendering.

Even if we computetheexactboundingbox of theedges
attachedto a GridCell , a secondproblemremains.The
spatialextentof thoseedgesis differentthanthespatialex-
tentof thesubtreesformedby theirdescendantsin thetopo-
logical tree.The latter extent is neededfor a correcttermi-
nation test becausethe subtreecan fall outsidethe spatial
region representedby the GridCell . In this case,culling
theedgesattachedto a GridCell would alsoresultin in-
correctlyculling edgesoutsidethat GridCell , dueto the
drawing algorithmdiscussedin thenext section.

3.3. Drawing

Drawing in TJ is handledwith a progressive renderingap-
proach.Thecoreassumptionis that thenumberof geomet-
ric itemsto draw in the scenewill often outstrip the capa-
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Figure 2: SubtreeCulling. Left: For any givensubtree, we
check the top-mostandbottom-mostleaves(marked in red)
to determineif they mapto thesamepixel.Right: If so,then
the entire subtree mapsto the samerow of pixels,with y-
coordinatey2.We canthendraw only theedgesbetweenthe
rootof thesubtreeandthetop-mostleaf, markedin red.This
�attenedpathmapsto a singlestraight line on thescreen.
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Figure 3: Guaranteeingthevisibility of markededgesin a
small subtree. For the subtree starting at node1, we must
continuedescendinginto thetreeuntil we�nd a subtreethat
is eitherhomogeneous,or eitherthetop or bottom�attened
path of all edgesfromthe root to the top-mostleaf is com-
pletelymarked. For the subtree starting at node9, we see
that all edges along the line from the root to the top-most
leafaremarked,andweonlyneedto drawthe�attenedpath
of edgesfor nodes9, 10,and11.

bilities of the graphicspipeline. Therefore,drawing items
in orderof “importance”would allow bothinteractivity and
a good view as the sceneis gradually �lled in. Items are
drawn by poppingaGridCell off aqueueanddrawing all
of its attachededges.Thoseedges'parents'andchildren's
enclosingGridCell sarethenenqueued.In orderto avoid
confusingintermediateviews, they sort the queueaccord-
ing to local topologicalcoherencein orderto maximizethe
context aroundthestartingpoints.Thequeueis seededwith
theGridCell in which interactionlast occurred,andone

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

Thequeueof GridCell s is implementedusingtheJava
TreeSet datastructure,asorted,balanced,binarytreethat
supportslogarithmicinsertionanddeletion.Thenumberof
nodesin thequeueis frequentlya majorfractionof all visi-
blenodes,sothecomputationaloverheadof thisapproachis
considerable.This overheadcausesperformanceto be lim-
ited by the bookeepingtaskof maintainingthe queue,and
yields graphicsperformancetwo ordersof magnitudeless
thantheraw capabilitiesof thegraphicsaccelerator.

3.4. Picking

Quadtreesprovide supportfor picking objectsin the scene
byusingalogarithmic-timerecursivetraversalfrom thenode
to any leaf. Although the resolutionof the quadtreesubdi-
vision is boundedonly by �oating-point precision,mouse
eventsarereportedin integerscreencoordinates.This mis-
matchcausesa seriousproblemfor suf�ciently large trees,
wherea GridCell canonly be reachedthrougha mouse
eventif theGridCell is largerthanapixel in bothdimen-
sions,or it straddlestheborderof two pixels.

In denseareasof thetree,thereis apickableedgeatevery
mouseposition,so the fact that someedgesareunpickable
is not usually a problem.However, in sparseareasof the
tree,a singleedgemight be plainly visible but unpickable.
Althoughexpandingthat region is oneapproachto making
the desirededgepickable,requiringsuchnavigation could
interferewith theuser's exploratoryintent.

4. Combining Drawing and Culling

We presenta new drawing andculling algorithmthatelimi-
natesall visible gaps,avoidsmostoverdrawing, guarantees
thevisibility of markedareas,andis fastenoughto draw the
visible partsof a 15-million-nodedatasetin lessthan one
second.

Our methodavoidstheuseof heuristicsby exploiting the
relationshipbetweena subtree's structureand its pixel co-
ordinates.For any subtree,we �nd the currentabsolutelo-
cation of its two boundaryleaves (Figure 2). If thesetwo
leavesmapto the samepixel in screenspace,then the en-
tire subtreewill mapto a horizontalrow of pixels.We can
thendraw only thesinglepathfrom thesubtree's root to its
topmostleaf.

This approachstill supportsTreeJuxtaposer's notion of
guaranteedvisibility. We cancheckfor marksin a subtree
by comparingthe rangeof nodesin the subtreeto a list of
marked rangesin the entiretree(Figure3). If we usenode
indicesfrom eithera preorderor a postordertraversalof the
tree,thensubtreerangesareexact[MGT� 03]. Whenwe�nd
a �attenedpathfrom theroot to eitherthetopor bottomleaf
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we cansafelycull the restof thesubtreeif it is entirelyei-
ther marked or unmarked. If thereis a mix of marked and
unmarkednodesin thesubtreewe mustcontinueour recur-
sive descentinto thesubtree.Thepathologicalworstcaseof
a treewhereall the leaves(but noneof the interior nodes)
aremarkeddoesnotarisein practicebecauseuserstypically
markentiresubtrees.

Both drawing andculling arenow basedentirelyon tree
topology, and do not dependon any propertiesof Grid-
Cell s. In addition, there is now little bene�t to drawing
itemsin orderof “importance”,becauseour drawing algo-
rithm requiresa nearly constantamountof work after the
datasetsizesurpassa particularpoint (Table1). We elimi-
natethe extremeperformancepenaltyof updatinga sorted
queueof items to be drawn, insteadusinga simple FIFO.
The time to draw large treesis now determinedentirely by
thesizeof thescreen.

5. Robust Picking in Hardware

As we discussedin section3.4, TreeJuxtaposer's quadtree-
basedpicking methodmakes somevisible objectsunpick-
able.We insteadhandlepicking by exploiting leading-edge
graphics hardware capabilities,eliminating the need for
quadtreetraversal.Recentgraphicshardwaresupportsanex-
tensionto OpenGLallowingmultiplerendertargets[Arc02].
This extensiongives us the ability to draw encodededge
identi�er information into an offscreenbuffer at the same
time thatwe draw color into thedraw buffer.

Theedgeidenti�er is speci�edusingOpenGL'ssecondary
color state,anda simplefragmentprogramdirectstheedge
color into theframebuffer for display, andtheidenti�er into
the offscreenpicking buffer. Whenwe needto know what
edgea mouseevent refersto, we simply readbacka pixel
from this buffer andusetheresultsto �nd thechosenedge.
Becausewe only reada singlepixel, this picking methodis
extremelyfast.It alsoeliminatesthe needfor thequadtree,
giving dramaticmemorysavings. Currently this technique
supportstreesof upto 16million nodesbecauseof the24-bit
precisionof OpenGL's secondarycolor. However, it would
betrivial to usethe32-bit primarycolor to encodetheedge
identi�er, and use the 24-bit secondarycolor to draw the
edgesin theframebuffer.

6. ReplacingQuadtreeswith Grids

The approachesdescribedabove for fast and accurate
culling, drawing, and picking eliminate the need for a
quadtree.However, we still needto supportthe stretchable
navigation of accordiondrawing. We employ a lightweight
grid datastructurewherehorizontaland vertical lines are
decoupledfrom eachotherandstoredseparately. Our grid
structureis very similar to the O-buffer, extendedto sup-
portournavigationalneeds[QK04]. Figure4 shows thatwe

Stokesia

Tagetes

Dimorphoteca

Senecio

Gazania

Gerbera

Echinops

Felicia

Chromolaena

Blennosperma

Coresposis

Figure 4: Grid Structure. We replacethe quadtree with a
lightweight hierarchical grid that still allows stretchable
navigation,but with decoupledhorizontalandvertical lines.
Each line is representedbya split valuewith respectto a set
of twoparentlines,shownbymaroonannotationlines.Each
nodehasa row index for a horizontalreferenceline plusa
vertical offsetfrom it (magenta),plus a columnindex for a
vertical referenceline plusa horizontaloffset(green).

still usea hierarchicalapproachof storing the relative dis-
tancewherea child line forms a split betweentwo parent
lines. Every TreeNodein the topologicaltreestoresa row
index andverticaloffset from thesplit line for thatrow, and
similarly a column index and horizontaloffset. The sepa-
ratearraysof p vertical linesandq horizontallines leadsto
anO(p+ q) memorycostfor our grid, which is far cheaper
than the O(p � q � log(p � q)) upperboundfor a quadtree.
Moreover, building thisdatastructureis fastenoughthatthe
time it takesto build it is greatlyoutweighedby thetime to
parsethe�le, asshown in Figure6.

7. Low-Memory Quadtrees

In Section5 we presentedan algorithmthat supportspick-
ing throughgraphicshardwareratherthanquadtreetraversal,
but that approachdependson cutting-edgegraphicshard-
ware.Many potentialusersof our treevisualizationsystem
will be using commodityplatforms.We presentTJC-Q,a
secondsystemthat runson commodityhardwareanduses
quadtreeswith adrasticallyreducedmemoryfootprint.TJC-
Q canhandletreesof 5 million nodes,a factorof threeless
thanthe15million nodesof thequadtree-freeTJC.

Thecritical factorin reducingmemoryconsumptionis re-
ducing the per-object memorycost as our data structures
containseveral million objects.We useinheritanceas one
methodto decreasememoryusage,creatingseparateleaf
cell and interior cell classesderived from a commonpar-
ent.Thethreemajortypesof datathatGridCellscontainare
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structuralpointers,edgeattachments,andpositionalsplits.
All GridCells needa structuralpointer to the parentGrid-
Cell. Interior cells requirefour structuralpointersto child
GridCells,but leafcellsdonot.

Leafcellsalsodonotrequireany edgepointers:edgescan
only beattachedin theinterior becausethey alwaysspanat
least two leaf GridCells. For interior cells, we storeedge
pointersin a resizeablevector becausethe numberof at-
tachededgescannotbeknow a priori . TheSTL [Sil94] vec-
tor classhasaslightly higherstaticoverheadthanwewould
like,andtheir policy of growing vectorsby doublingin size
greatlyincreasestherequiredmemory. Weuseasimplevec-
tor class,requiring8 bytesto storetheindex andarraysize,
andagrowth policy thatstatesthatarraysizeis incremented
by aconstantvalueof 4 items.Thispolicy guaranteesamax-
imumof 12unusedbytespervectorin theworstcaseof 3 un-
usedpointers.Thenumber4 wasselectedafterexperiments
showedit to bea goodcompromisebetweenincreasedrun-
ningtimefrom memorycopying andincreasedmemorysize
from unuseditems.

The third kind of GridCell data is positional informa-
tion pertainingto the split lines that form cell boundaries.
In TreeJuxtaposer, eachGridCell storesan index to the ar-
raysholdingtherelative split valuesin boththeverticaland
horizontaldirections,andthecomputedabsolutepositionof
thelinesthatform its four boundariesandtwo splitsin both
world andscreencoordinates.First, leaf cells do not need
to storesplit information.More importantly, weobserve that
the sameposition information is redundantlystoredwhen
weattachit to aGridCell ratherthantheline in question.Al-
thoughthecombinationof thesetwelveabsolutepositionsis
uniquefor eachGridCell, any oneof thesevaluesis shared
by multipleGridCellsandthuscomputedmultiple timesand
cachedin multipleplaces.For instance,thesameline would
correspondto thebottomof everyGridCell in a row, thetop
of everyGridCell in thenext row, andalsothesplit or topor
bottomof many otherGridCellsat differentquadtreelevels.

Thelightweight line-basedgrid describedin theprevious
sectionis exactly the right datastructureto store this ab-
soluteposition information. In TJC-Q eachGridCell only
storesa pointerto theverticalandhorizontalgrid lines that
form the two splits.This changebringsthreebene�ts; �rst,
theobviousper-objectmemoryreduction.Second,updating
thenodepositionbetweenframesis muchfasterbecauseup-
datedgrid line valuesaresharedbetweenmultipleGridCells
rather than being updatedfor eachone. Finally, thesein-
dicescan also be initialized dynamicallyas we createthe
quadtree,removing the needfor a post-processtraversalof
thequadtreedatastructure.

8. Results

We have addressedthefour mainchallengesin drawing ex-
tremely large trees:minimizing memory use, minimizing

Figure 5: Data Structure Sizes.We compare the theoretical
memoryrequirementsof thequadtree-basedTreeJuxtaposer
(TJ), theoptimizedquadtreeof TJC-Q,and the lightweight
grid of TJC. Thesetheoretical numbers were generatedby
inspectingclass�elds rather than instrumentinga running
executable, so as not to includeoverheaddueto language
differences.Asexpected,therequiredmemoryfor each data
structure grows linearly, but the constantfactor is smaller
with TJC-Q and much smaller with TJC. Note that these
numbers do not include edge attachment information for
reasonsdescribedin Section8.

startuptime,correctandef�cient drawing, 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 commodityhardware.Thesesystemsal-
low usersto browsetreesmuchlarger thantheprevious TJ
limit of 775,000nodes,giving datasetsizeimprovementsof
up to 1.2 ordersof magnitude.We alsonotethat the num-
berspublishedin theoriginalTJ paperfor a singletreeused
aJavaheapof 1100MB,allowing for amaximumtreesizeof
550,000nodes.Increasingtheheapsizeallowedus to view
a slightly larger tree.All resultsin this paperare from an
Athlon 1800with 2GBof memoryandanATI Radeon9800.

Figure5 comparesthememoryrequiredfor thethreedata
structuresin thequadtree-basedTJ,thequadtree-liteTJC-Q,
andthequadtree-freeTJC.Both TJCandTJC-Qusea grid
datastructurewhosesizedependson the width p (number
of leaves)plus the heightq (numberof levels) of the grid,
ratherthanonn, thetotalnumberof nodesin thetree.Topo-
logical treeswith n TreeNodesrequirea quadtreewith ap-
proximately2� n GridCells.TJ storesthis grid information
redundantly, requiringthe larger memorycost.The TJC-Q
quadtreeavoids theextra costfor thegrid andgainsa large
bene�t from the architecturalredesignstatedin Section7.
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Figure 6: TJC StartupTimes.The bulk of startup time is
spenton the unavoidabletask of parsing the �le . Prepro-
cessingtime refers to a treetraversal which initializes cer-
tain datamemberssuch astherowandcolumnfor anynode.
Thesortingtimeis anoptionaladdition.

Nodesin Tree w/ Cull w/o Cull 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: DrawingPerformance. We showtwo performance
measures for our drawing and culling algorithm: the time
to draw thescenewith vs.without culling, and the number
of nodesdrawn (with culling). Our new methodachievesa
near-constantdrawing time for any sizetree. Notethat for
thelargesttree, weare not able to enqueueall nodesin the
treeasthesizeof thevectorgrowstoo large for theapplica-
tion to �t in mainmemory.

Replacingthe TJC-Qquadtreewith the TJC grid allows us
to handledatasetsthreetimeslarger.

The quadtreenumbersshown in Figure 5 arealsoquite
conservative. We do not includeedgeattachmentinforma-
tion, asthe TJC-Qvectorsfor edgeattachmentareslightly
different than TJ's, and TJ can only handle trees up to
775,000nodessothisinformationwouldbeanestimateany-
way. Nonetheless,the �gure still shows that we have suc-
ceededin drasticallyreducingthe per-objectmemorycost.
TJ required1.4GBof memoryto handle786,000nodes,for
a total per-nodecostof 1912bytes,whereasTJC canhan-

dle 14.68million nodeswith 1.7GBof memory, for a total
per-nodecostof 124bytes.

Our secondchallengewas reducingthe startuptime re-
quired to view a dataset.For a treeof 512K nodes,TJ re-
quireda total of 14.1secondsfor parsing,and63.1seconds
of preprocessingtime. TJC offers an order of magnitude
speedup,requiring2.2 secondsfor parsingand1.4 seconds
of preprocessingtime.A largepartof ourpreprocessingtime
is takenup by anoptionalsort,asshown in Figure6, which
allows the userto searchfor a particularnodeby name.If
this capabilityis not required,we canbuild our datastruc-
turesin a fraction of theparsingtime. We usethe standard
engineeringsolutionof Flex andBison for parsingin order
to concentrateon theresearchpiecesof theproblem.

Oneway to evaluatethesuccessof our new drawing and
culling algorithmis to considerthenumberof nodesdrawn
comparedto thetotalnumberof nodesin thetree.As wedis-
cussin Section3.2, thescalabilitylimits in the old method
meantthat to avoid spuriousgapsin the image,every node
in thetreehadto bedrawn. Theeffectivenessof ournew al-
gorithmin reducingthatnumberis demonstratedin Table1.
We achieve a near-constantdrawing time even as treesize
increasesbecausethe numberof nodesdrawn grows very
slowly comparedto the sizeof the treeitself. The slow in-
creasein thedrawing occursbecausesomenew nodescanbe
drawn in formerly sparseregionsof thescreen.Thegreatly
improved drawing speedallows usersto seemuch more
globalcontext while interactingwith thetree.

9. Futur eWork

If wecouldimproverenderingspeedslightly, wecouldcom-
pletelyeliminatethe restof theprogressive renderingover-
head.Flushing the graphicspipeline is expensive, and its
eliminationwould result in an even larger increasein ren-
derspeed.We arestill limited by thetime it takesto update
thegrid hierarchyratherthetime it takesto draw thetree.

We would also like to explore bettermethodsfor guar-
anteedvisibility. Our currentmethoddoesnot performwell
whenmany leavesdeepin the treearemarked,aswe need
to continueto descendinto thetreeuntil we �nd them.This
casedoesnot seemto appearin practice,but nonetheless
couldbea potentialproblem.Althoughour currentmethod
is fastenoughthateven if theentiretreeneedsto bedrawn
the userwill only have to wait for a shortperiod of time;
a method that eliminatesrather than avoids overdrawing
wouldbeappealing.

10. Conclusion

Wehaveidenti�ed thetheoreticalandpracticallimitationsof
usingquadtree-basedmethodsto draw large trees,andsur-
mountedtheserestrictionswith new algorithms.We present
two new systems:TJCexploits leading-edgegraphicshard-
ware for picking, allowing us to completelyeliminatethe
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Figure 7: ScreenshotofTJCduring interaction,runningon
a treeof 14.6million nodeswith a windowsizeof 1024x768.

quadtreeandscaleto datasetsof 15million nodes,asizeim-
provementof morethananorderof magnitudebeyondpre-
viouswork. TheTJC-Qsystemprovidesanorderof magni-
tudeincreaseon commodityplatforms,becauseof our dras-
tic reductionin the quadtreememory footprint. For trees
of 15 million nodes,the TJC systemcancarry out all pre-
processingwithin two minutes,anddisplaytheentiretreein
lessthanonesecond.
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