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Abstract

We preseniSOSLIDERa systenfor interactiveexploration of isosurface®f a scalar eld. Our algorithmfocuses
on fastupdateof isosurfacedor interactivedisplayas a usermalkessmall changesto theisovalueof the desied
surface We exploit the coheenceof this update Larger changesare supportedaswell. Theupdateto theisosur
faceis madeat a correctlevel of detail sothat nottoo manyopeitionsneedbe performednor too manytriangles
needberendeed.ISOSLIDERJoesnot needto retainthe entire volumein the mainmemoryand storesmostdata
outof core. Thecentral ideaof the|SOSLIDERalgorithmis to determinesalientisovalueswhee surfacetopolagy
changesandpre-encodehesechangessoasto facilitate fastupdatego thetriangulation.

Keywords: Volumevisualization,|sosurficeextraction

1. Intr oduction

Spatialdistribution of scalardatalik e “bonedensity', "wind

speed'and” uid pressure'often needsto be visualizedin

medicalandscienti ¢ applicationgFigure8(a)).Many such
applicationsinvolve knowvledgediscovery, in which scien-
tists explore a large eld looking for “interesting” charac-
teristics. Two commonways of visualizingthese elds are
directvolumerendering* andisosurbicecomputationt2 15,

Direct volumerenderingproducesa color at eachpixel that
is the compositionof the scalarvaluesat pointsintersected
by aray throughthatpixel. Isosurficevisualizationrequires
computationand display of all points (i.e., surfacesin a
three-dimensionakld) in thedatawith agivenscalawvalue.

One commonmodusoperandi for dataexplorationis to
continuouslyvary the desiredisovalue,generatehe result-
ing isosurBiceand seehow the surfacechangessit slides
from valueto value. Our algorithm addresseshe needfor
suchisosuriceexplorationandis designedo take full ad-
vantageof the resultingcoherenceln addition, our algo-
rithm works well with large datasizesby allowing mostof
the datato resideon the disk at the explorationtime. Its fo-
cusis on interactve isosurfice updateso that the scientist
may easilymaintainthe contet astheisovaluechanges.

Formally, a volumetricscalar eld is representedby the
setof tuples< (Sj; pi)>; i = 0::N, suchthatS; is the scalar
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valueat point p; 2 <3 The points p; areusuallyselectedo
lie onagrid (structureddr unstructured)Adjacentpointson
the grid areconnectedo form a cell. We sometimesienote
Si as S(p;) to be explicit. Furthermore,S(p) at points p
notin thetuple setarecomputedrom cell's Sjs (usuallyby
tri-linear interpolation).lsosurbiceof a eld, y,, at scalar
valuel isthesetof all pointsp, suchthatS(p) = | . Variants
of the Marching Cubesalgorithm > are commonlyusedto
computey | .

The Marching Cubesalgorithm nds the overall surface
by processingevery cell in the input. The computationper
cell is O(1). Recentisosuricealgorithmsreducethe num-
ber of cells consideredby predictingthe active cells: the
cells,whichactuallycontainthedesiredsovalue. Thesearch
for active cells takes one of threeforms: spatialsearch?®,
rangesearch? or surfacegrowth 1. Spatialsearchtechniques
subdvide spaceand hierarchicallyeliminatepartitionsthat
do not containan active cell. Rangesearchmethodsasso-
ciate eachcell with the rangeof valuesit contains.These
thensearchfor the rangeshat containthe desiredisovalue.
Surfacegrowing methodsstartwith someactive cell(s) and

nd otheractive cellsby trackingsurfaceadjacenciefRange
basednethodsarethemostgeneralindcanhandleunstruc-
turedcells, evenif they do not directly bene t from spatial
coherenceof computationsOur algorithmis rangebased,
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appropriatelymodi ed to exploit spatialcoherenceWhile
the framework of our algorithmcantradeoff time anddisk
requirementsin our currentimplementationwe have cho-
sento favor fastcomputationover disk requirementAlso,
we currentlyhandleuniform (voxel) grid input only. While
one may handlecurvilinearand unstructuredyrids by con-
vertingthemto a uniformgrid 11 rst, ouralgorithmcanbe
easilyextendedo directly handlesuchdata.

The main idea of our algorithmis to realize that small
changesdn isovaluesrequiresmall changego active cells.
By simply pre-computingthesechangesand storing them
out-of-corewe can nd the active cells quickly. Note that
theisovaluesat which a topologicalchangehappensareall
in Sj (In caseof trilinearinterpolation topologychangesan
occurinsidea cell aswell, but are directly handledby the
rendeftime algorithm).Hence,in principle,we merelyneed
to store< S;j; pi> sortedby their valuesS;. Every time we
slide pastanisovalue,S;, the cellsadjacento p; areinacti-
vatedor activatedor sometimesimply re-triangulatedWe
augmenthis simpleschemeo allow ef cient sliding of iso-
surfacesacrossmallaswell aslargevalues.n addition,we
incorporatemulti-resolutionisosuriceconstructiorinto our
schemeOur in-memorydatastructurealsoallows re-useof
mosttopologicalinformationfrom frameto frame.Only in-
terpolationsof valuesneedbe computedafresh.

1.1. Previous Work

Span-spaceomputationof Livnatet al.** achieved O(p N)
searchtime for active cells. The intenal-treebasedsearch
of Cignoni et al3 reducedthat further to O(logN), which
wasextendedfor out-of-coresearchedy Chiangetal 2. In-
tenal tree hasan optimal worst casecompleity for range
searchbut is not well suitedfor sequentiabut-of-coreac-
cessof successie intervals. While it is possibleto augment
theinterval treewith “next-in-sequencdinks, we have opted
for a simplerdatastructurebasedon skip-lists'” thatworks
well for isosurficesliding. Theideaof usingsuchlocal up-
dateshasbeenappliedbefore GilesandHaimes maintained
two lists: minlist, sortedby the minimumvaluesof eachcell
and maxlist sortedby the maximumvalue of eachcell. If
theisovalueis changedby a smallvaluefrom | g to | 1, all
intervals beginning in the range(l o-1 1] are addedas po-
tential active cells. Thelist is thenpurgedof inactive cells.
The performanceor large changesn | is O(N). Shenand
Johnso# improvetheaverageperformancdy transforming
themaxlistinto sweepindist by addinga ag for eachentry
marking whetherthe minimum value of the corresponding
cell is lessthanthe currentisovalue. The worst caseperfor
manceremainsO(N + K), K beingthe sizeof the resulting
triangulation®. Our algorithm performswork independent
of N andis proportionalonly to dK, the changein triangu-
lation ateachframefor smallchangesn isovalue.For large
changesn theisovalue,the total work is still O(logN + K)

on average.The main adwantageof our work is its out-of-
coreoperation.

Oneproblemwith the Marching Cubesalgorithmis that
it generates large numberof polygons,upto ve percell.
For large volumes especiallyoxel grids, this is usuallytoo
mary. Ramachandraetal 2° presentnon-interactre view-
dependenalgorithmfor isosurbiceextractionon a clusterof
machines Dynamic simpli cation %35 of isosurficesis too
slow to be interactize, however, and direct cell simpli ca-
tion schemesre popularl® 18 Most focuson usinghierar
chically larger cells composedf input cells when the re-
sulting interpolationerror is small. Someallow controlled
simpli cation of topology®. Most areableto producedras-
tic simpli cation at high error allowance.Gregorskiet al 8,
in particular reportsnearinteractive performancédy enforc-
ing alimit onthenumberof operationperformedoerframe.
Theiralgorithmis designedor view-dependentipdateso a
given isosurfice.lsosurfice updatesare slower, unlessthe
errorthresholdis turnedvery high. Our algorithmperforms
conserative andstaticsimpli cation only. Theresultingtri-
anglescanbefurthersimpli ed in aview-dependentashion,
but thatis not currentlydonein our system.

2. ISOSLIDER algorithm
Themainstepsof isosurficevisualizationareasfollows:

1. Findtheactve cells

2. Findtheactive edgedor eachcell

3. Classifyeachcell andcomputethe adjacenciesf result-
ing triangles

4. Find the verticeson the active edges(locationand nor
mal)

5. Sendtheresultingtrianglesto thegraphicscard

A note aboutStep5: it mustbe performedevery frame
thattheisovaluechangesAs theresultingisosuraceslides,
thevertex positionschangeOnemight considerperforming
interpolationson the graphicscard. However, mary appli-
cationsrequirethe surfaceto be on the CPU for geometric
analysis.We have chosento performthe interpolationson
theCPU.Notethatfor smallchangesn | , mostcellsremain
either active or inactive during the slide. Furthermorethe
sameedgesof the active cells usuallyremainactive imply-
ing thatthe cell maintainsthe sameclassi cation anduses
the sametriangle adjacenciesWe exploit coherenceat all
thesdevels.

To nd the active cells (Stepl), we preprocesshe data.
Considera cell, C, with points p(j:;j = 1::k; sortedby their
scalarvalues,i.e., Sf < SJ-C+1. RecallthatC is active only

for isovaluesSS | SE. Thus, as we slide the isosur
facefrom| 1 to | 5, cell C becomesactive or inactive when
we crossSf or § We couldthenrecomputehetriangula-
tion for thosecells that changetheir status.Note alsothat
the topology of trianglesgeneratedoy C changesonly at
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| = Sjc; j = 1::k. If wemaintainasortedist of all scalaval-
uesin the eld, Sj;j = 1::N, we know thatthe topology of
somecell change®achtimel crossesnS;. If we storethis
information, we obtain an algorithm that doesnot needto
touchary cell thatdoesnot undego a changen its triangu-
lation. We nominally storethe following informationblock
Bj with eachS; in our sortedlist:

1. pj

2. EJ+ : thelist of indicesof the edgeghatbecomeactive

3. E :thelist of indicesof the edgeghatbecomeénactive

4. S": thelist of scalarvaluesS(p,) for eachpoint p; such
thatedgepjp 2 E*

5. S :thelist of scalarvaluesfor edgesn E

For high quality shadingwe alsoretainthe normalsat p;
andall p;. This naive approactreplicateseachinput point
for eachadjacentedge.This canbe avoided at the cost of
additionaldisk I/O by using a point layout similar to that
usedby Gregorskietal 8.

Notethatthemaindravbackof this approachs thatlarge
changan | requiresseveralblocksto bereadfrom the disk
resultingin slow isosurfice updateeven if the blocks are
storedcontiguouslyon the disk. We solve this problemby
usingaskip list of blocks.

2.1. Skip-list

Block Bj providesall changedo the active list whenthe
isovalue changesfrom a value |l ; 2 [Sj 1;SjJto 1, 2

[Sj;Sj+1]. In generaljf theisovaluel 1 2 [Sy 1;Sm] goes
tol 2 2 [Sn; Sp+ 1], all blocksBm::Bn arerequired.Unfortu-
nately this largerisovaluechangecouldrequireO(N) work
in readingandapplyingtheblocks.If themaximumnumber
of active edgesinvolvedis K = E(I 1) + E(l ), we would
like to limit the work performedto more like O(K). Us-
ing a skip-list approacht?, we canreducethe actualwork
to O(logN + K).

In the skip-list structure the original list of blocksB; be-
comeslevel 0, or B?. Eachsuccessie level B- of the skip
list containdewer scalarvalues,andthusfewer blocks(Fig-
urel). All theedgechangedrom theassociatetbwer-level
blocksareconsolidatednto asinglepairof E* andE lists
for the higherlevel block. As partof this consolidationye-
dundantedgesareeliminated. Theseredundanedgeswere
bothactivatedanddeactvatedwithin the spanof thehigher
level block, sothey representinnecessaryork.

We build level L from level L 1 asfollows. We traverse
level L 1, consolidatingE* andE lists aswe proceed,
remowving redundanedgesWhenthe numberof redundant
edgesasaratio of the numberof active edgesk, atthe cur-
rentisovalue becomegreaterthan a userspeci ed thresh-
old, theseconsolidatedists becomea single block at level
L. Eachblock B- containghestartingscalanvalueaswell as
the consolidatecedgeslists and their associatedlata. This
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level-by-level streamingapproachallows us to generatea
new level from the previous onewhenthe datais storedout
of corememory Becausesachblock atlevel L is associated
with atleasttwo blocksatlevel L 1, therecanbenomore
thanO(logN) levels.

Now let usreconsidethe algorithmfor changinganiso-
valuefrom | 1 to | ,. We startat block B®, ; andwish to
reachblock BY. Ratherthanreadingandapplyingall thein-
dividualblocksonlevel 0fromm 1ton, wetakeary avail-
ableopportunitiesalongtheway to stepupto a higherlevel,
walking asfaraspossibleatthe higherlevelsto avoid redun-
dantwork. Whenwe canwalk no further at a higherlevel
withoutpassing », we stepbackdown to alowerlevel. This
is similar to the standardskip list algorithm,exceptwe can
startfrom somearbitrarypositionin the O-level list. Theto-
tal work performeds reducedoy this algorithmto O(logN)
walking up anddown thelists plus O(K) time traversingthe
levels.

S i ) e [
- CLLH

Figure 1: SkipList

Asymptotically the skip list describedabore hasO(logn)
levels andthe searchtime for anisovalueis O(logN). An
edgecan appearat mosttwice at ary level. Thus a nave
counting boundsthe total spaceby O(NlogN), given that
thereare O(logN) levels in the skip list. However, not all
edgesappearon levelsabove zero.In fact, by our construc-
tion, atleastfractionk of the edgesof alevel do notappear
in the level above, for a userspeci ed constank. Thusthe
total spacerequirements only 1’\(1 =O(N).

Even this spacerequirementcan be reducedby simple
compressionln particular the normalsfor the verticescan
be quantizedto 16 bits. The datafor eachvertex adjacent
alongtheedgesn E* andE canbe predictively encoded.
In caseof voxel data,for example,we store10 bits for nor-
mal and 10 bits for isovalue residualsfor eachedge.The
edgeitself is identi ed by a threebit number The vertex's
ID takes 32 bits, isovalue another32 and normal 16. This
totalsto 6E + 10N bytes,for N verticesand E edgesJess
that400 megabytesfor a256° modelatthe lowestlevel and
abouta gigabytefor theentireskip list.

At the higherlevels, the algorithmdegenerateso simply
keepingthe list of active cellsfor eachchosensovaluebe-
causeof thelack in coherencein a way similar to Bajaj et
al.l. For applicationwherelarge jumpsin the isovalue are
not required the higherlevels of the skip list neednot even



Chhuganietal / ISOSLIDER

be precomputedaind computedonline when necessaryWe
usually only precompute4-5 levels and leave the restun-
generatedwhich maybecomputedn alazy fashion.

2.2. Level of Detail

Sincethe naive Marching Cubesalgorithm often produces
too mary triangleswe reducethis geometriccompleity for
betterinteractve performanceQur goalin this algorithmis
to maintainthe topologicalstructureof the isosuracewith
minimal error in the position of triangle vertices.We cur
rently donotperformview-dependensimpli cation 8 or vis-
ibility culling 3. Our main criterionis to replacegroupsof
smalltrianglesby largeronesi,if theresultingerroris small.
We performthis simpli cation by meging cellsinto larger
cells. For example,in Figure2 cells Cyq::Cp3 of level zero
have beenmemgedto form cell C1¢ of level one,their ances-
tor. The neighboringcells Cy4::Cp7 are not megedin this
example.We ensurethat the triangulationat the common
boundaryAC matchesasexplainedbelow.

A groupof cellsis ‘meigeable'if thecommonedgeanay
be deletedsubjectto topologicalconstraintsAn edgep; pj
may be deletedif bothvaluesS(p;) andS(p;) may bere-
liably interpolatedfrom the remainingpoints of the parent
(ancestorkell aftermemger In Figure3, afteredgedeletions,
active edgeAB maybereplacedy edgeAC andHI maybe
replacedby Gl. If linearinterpolationof ac andgi doesnot
differ muchfrom theedgesformedby the subcells,cell C1o
may be used.We ensurethis by restrictingthe difference
betweenthe deletedisovaluesandthe isovalueinterpolated
along eachretainededgecrossingthe sample.For exam-
plein Figure3, edgeHB maybeusedif (I (S(H);S(B))
S(E)) < Dfor asmallD, wherel denotedinearinterpola-
tion. If all edgesof acell (HB; DF; AC; AG; GI andCl in this
case)areusable the cell is usable The topologicalcorrect-
nesss guaranteedy thefollowing restrictionson meigerof
edgesAB andBC:

1. Only one of AB and BC may be actie at a time, i.e.,
valuesS(A); S(B); andS(C) monotonicallyincreaseor
decreaseSincethe memged edgemay not have two in-
tersectionswith the isosurfice,so mustnot the original
edges.

2. An active edgemaynotbedeleted.

Let usassumehatthecell is a cube.In threedimensions
anactive edgemustactivatefour cellsadjacento it asshavn
for edgeABin Figure4. If oneof theadjacentellsis already
active, its topology changesFor multi-resolutioncubesthe
adjaceny is not assimple.As demonstratedh two dimen-
sionsin Figure 2, cells Cpg::Coz memge to form cell Cy,
whereascells Cy4::Cy7 remain.Edge AB hasadjacentcell
Cop inactive. Technically edgesAB andAC areboth partsof
active cells,but to avoid replicationwe useonly thesmallest
edgeasthe active edge,AB in this case.This alsoprevents
crackshecauseell Cqg is forcedto usetheedgeAB to com-
puteits vertex. Note thatadjacentedgesAB and BC cannot

#5, " #%

#4 #7

Figure 2: Cell Merging

both be active if cell C1g is used.Consequentlywhen AB
becomesctive, we mustinfer from AB (andtheotheractive
edges}heactive cells:C,q in this caseasopposedo Cqg. TO
enablethisinferencewe keepa ag for all potentiallyactive
ancestorsf anactive child cell.
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Figure 3: Simpli ed isosurface

G
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Cop /

Figure 4: Anedg activatesadjacentcells

1. An active edgemarksall its adjacentcells active. In the
examplein Figure 2, AB is active dueto cell Cp7 but
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marksCqy7 aswell asCpg. Cog is marked erroneouslyin
this case.

2. If acellis marked erroneouslyit mustbethe child of an
appropriatelyactive cell. In the examplein Figure5, that
active ancestois thelargecell C. Theerroneouslactive
child is eitherin the middle of its ancestos edgeasis
cell Cyz in Figure5(a) or at the cornerof the edgeasis
cell Cyg in Figure5(b).

3. Inthe rst caseCy3z maynothaveary otheredgesnarked
active, a clear indication that the edge AB needsto be
contributedto anancestar

4. In thesecondtaseCog mayhave enoughedgesf thean-
cestor(twoin 2D, threein 3D) active to beconfusedor a
real Marching Cubescase However, evenif we “assign'
edgesAB andAD to cell Cyg andtriangulateit, the nal
resultis correct.Thishappenbecaus¢heedgesontain-
ing AB andAD, AB® andAD, respectiely of cell C will
not be marked active asCpg never reportsit to C. Thatis
still correctasthereis noMarchingCubescasewherethe
mis-assigne@dgesAB® and AD° are usedfor ary other
triangleof C.

$ $
: D :
$11 $12 $11 $12
$%1§ $%2§ $13 D $%li $%2§ $13
..... =i e IR
000 So3) $o00q $o3:
A8 Al B BO
$o47 $op7
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Figure5: ParentLocationfrom Childrenof CellC

Thuswe areableto preciselyrecognizethe casewhena
child cell is mis-actvatedand mustnow look for its proper
active ancestarTo enablesucha searcHor theancestarwe
simply ensurethat an ancestoiis activatedbeforeary chil-
dren:thehighestlevel edgesn E* areaddedrst.

Theabove algorithmensureghatthe surfacehasC? con-
tinuity alongthe edgesof the voxels. To ensurehole-free
meging of adjacentvoxels alongtheir commonfaces,we
needto modify the triangulationof a higherlevel cell shar
ing face boundarieswith lower level cells (Figure 6). For
every suchcell, we usethefollowing steps:

1. Foreachfaceof thehigherlevel cell (Cin Figure6), com-
putethe relevant adjacentower level cells (D1, D, and
D3). Also computeheintersectingooints,namely Py, P,
andPs.

2. The edgeAB is replacedby edgesAP;, P,P,, P,P; and
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P3B. Unlike Shekharet al.l8, we do not translatethe
smalleredgesowardsthelargeredge butinsteadeverse
the processThis ensureonsistentriangulationin the
smallercells. Note that the resultingedgestill satis es
theinitial errorthresholdcriteria.

3. Eachedgeof the triangulationof the higherlevel cell is
now replacedy aunionof oneor moresmaller(C0 con-
tinuous)edgesWe retriangulateesachof the original tri-
anglegto obtainthe new triangulation(Figure7).

C

Figure 6: Edge positionson the commorface boundaryof
neighbos in differentlevelsof the LOD hierarchy

X Z

Y

Figure 7: Retriangulatingthe original triangle XYZto get
thenew triangles

Theabore proces®nsureshattheresultingsurfaceis wa-
tertightwith no holes.

3. Implementation

We have implementeda versionof our algorithmon a 1.6
GHz Linux PCwith an NVIDIA GeForce3capablegraph-
ics card.Our currentimplementatiorof non-uniformcellsis
incompleteandwe reportresultsonly on uniformvoxel data.

Vertex arrays(http://www.nvidia.com ) areanef-
cient tool to displaytriangles.We usethis representation,
whichrequires:
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V: acontiguoudist of all verticesusedin thetrianglesand
T: acontiguoudist of all triangles eachtrianglespeci ed
by threeindicesinto V.

We recomputeV every frametheisosurficechangesut
reusemostof T. In orderto reusethe indicesof T, it is
importantto updateV coherently We alsoretainthe active
edgesandcellsin the main memoryfrom frameto frame.
We assumehetriangle,edgeandcell information t in the
mainmemory (For very largedatasetshatdo notallow that,
it is possibleto usethe ‘metacell'schemeof Chianget al .2
to process subsebf thedataatatime.)

3.1. Precomputation

The precomputatiostepsorts(usingexternalmemorysort-
ing) the input scalarvaluesand constructghe skip list in a
bottom-uptraversal,level by level. First, it computesheer
ror of eachhierarchicallyconstructeaell from its children's
value.We useanerrorboundof 1% of thetotal rangeof iso-
values Any activeedgewith largererroris not meiged.The
sortediuples< S;j; p;>, arenext traversedasfollows. At each
stepof level zero,we considerall edgesonnectedo thecor
respondingooint p;. We nd the edgesconnectedo p; that
becomeactive andthosethat becomeinactive when cross-
ing the isovalue from below it to above it. The new edges
aretestedin the orderof their size.The largestedgeusable
is addedto E* . If anaddededgecausesa new topological
constraintviolation in ary adjacentcell, that cell is subdi-
vided.Deletededgesareaddedtio E . Eachdeletededgeis
next testedfor topologicalconstraintslf the edgewascon-
straininganadjacentell, thatcell is retestedor meiger. All
informationof the affectededgess collectedandappended
to theendof the le. Merge andSplit recordsarestoredas
the ID of the edgeandthe countof how mary timesit may
memgesor splits. For example,if an edgeAB megesto its
grandparentye storeits ID andthe count?2.

3.2. In-coredata structure

We maintainthe following datastructuresat the rendering
time:

An Edgeinformationarray(E), which maintaingheinfor-

mationrelatedto eachactive edge.Speci cally, we store
the vertex coordinateqV,), isovalue (S;) at the starting
pointof the edge the normalvaluesat thetwo end-points
of theedge(N1 andNy), thegradientin thevertex coordi-
natesfV = €2*1. In orderto expeditethe computation
of the unit normalat run-time,we alsomaintaina value
m = 2sin’(a=2), wherea is the angle betweenN; and
N». For the interpolatingparametewaluet, the norm of

< i 1
thenormahsgwenaspT(lt),for small2mi(1 t).

We usethe Taylor's expansionto evaluatethe norm, thus
avoiding the expensve square-roobperation.
An arrayof list of indices(l) forming thetriangles.These

indicesrepresenthe vertex indiceswhich form eachtri-
angle.The marchingcubesalgorithmcangenerateup to
ve trianglesfor eachactive voxel. We maintain ve dif-
ferentlists, list i for trianglesof voxels with i triangles.
The trianglesof eachcell are storedcontiguouslyin its
correspondindist. As a cell undegoesa changein the
numberof its triangles this contiguoussetis deletedrom
theold list andtransferredo anotheiif neededThisbuck-
eting by triangle setcardinality allows effective memory
managementAll trianglesetsin list i arethe samesize
anda hole createdby a deletedsetcanbeeasily lled by
anotherset.

An array of vertex Values(V). Eachentry in this array
correspondto theinterpolatedrertex valuefrom theEdge
arrayE.

An arrayof unitlengthNormals(N). Eachentryin thisar-
ray correspondso the normalvalueat the corresponding
locationin the VerticesArray V.

HashtablesHg andHc, for theactive edgesandtheac-
tive Cellsrespectiely. Hg storesatuple< gid, id>, where
gid is theidenti er (ID) for theedge andid is its location
in E. gid is formed from the edges location, direction,
andits level in the Level-of-Detail hierarcly. He stores
for eachvoxel, thetuple<vid, StartAddresslist_numbey
case_number. Here vid is the identi er of the voxel
which is formed from its positionin spaceandits level
in theLOD hierarcly. list_numberefersto thenumberof
trianglesthe voxel hasatthatinstant,Start Addressrefers
to its startingindex in |, and case_numberefersto the
casenumberof the Marching Cubestable usedfor this
particularvoxel. We usea hashfunction from the family
of hashfunctionsH = fhypja;b2 Zpg; with a6 0. hyp
is de ned ashyp(X) = g (fap(X)), whereg:Zp! N,
given by g(x) =x modn, and fyp(x) = (ax+ b) mod p.
Herep is alarge prime number(greaterthanthe largest
entry beinghashedo the table),andn is the size of the
hashtable. The size of the hashtable is chosento be
twice the averagenumberof edgesexpectedto be active
(O(N E )), whereN is thetotalnumberof sampledointsin
the dataset. This family of hashfunctionsis provento be
strongly 2-universall8, therebyreducingthe probability
of collisions.We stresghatsucha hashfunctionis neces-
saryfor attainingreal-timerateswith our algorithm (Ex-
pectedO(1) searchtime). We maintainopenchainhash-
ing, i.e. all theentriescolliding atonespeci c locationof
thehashtablearelinkedtogetherin alink-list.

3.3. Sliding

As the userslidestheisovalue,two kinds of updatesarere-
quired:changeof theactive edgelist andcomputatiorof the
interpolatedvertex andnormalcoordinates.

Oncetheactive edgelistis x ed,only thearraysV andN
needto bechangedA speci ¢ entryV; is changedyr V, =
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IS * qV; (storedin E). Similarly, the normalis interpolated
from N; andN5, andscaledby its lengthto normalizeit.

If the active edgelist changestheseadditionsanddele-
tionsarestoredin lists AddandDeleterespectiely. We pro-
cessthe Deletelist beforeaccessinghe Add list to avoid
fragmentationn thevariousarrays Eachentryof the Delete
list containsanedgelD, whichis thenhashedusingHg) to
the Edgeinformationarray(E), anddeletedfrom bothlists.
ThelDs of cellsadjacento theedgeis hashedo obtaintheir
indicesin Hc. Thecasemaskof eachcell is changedAlso,
the Start_Addessandlist_numberelds of the cell become
stale.Thecorrespondingntriesin | aredeletedfragmenting
thesearraystemporarily Next, the Addlist is processedand
anew entryis insertedfor this edgeinto Hg andE (thereby

ling up the holescreatedby the deletions).Again, Hc¢ is
modi ed, andthe correspondingasemasksareupdatedin
casethe numberof additionsis smallerthanthe numberof
deletionsE andl arecompactedWe Il theholesby trans-
ferring entriesfrom the end of the list into them.Whenan
edgeentry is moved, its cells arere-accessedndtheir af-
fectedtrianglesindicesaremodi ed to theedges new loca-
tion.

Oncethetopologyhasbeenchangedthe vertex andnor-
mallists areregeneratedrom E. Finally, V, N andl aresent
to thegraphicspipeline.

4, Results

We have testedour algorithmon a variety of models.In Ta-

ble 1, we reportthe several featuresof the ve major mod-

elswe used.The numberof distinctisovaluesin a datasets

anindicationof how often we have to computethe change
in topology (Figure 9) and storethe changesThe Boston
Teapotis a 8-bit quantizeddataset,while the BluntFin (Fig-

ure8(b)), CT HeadScanandthe SphericalShellmodelsare

16-bitquantizediatasets andhencethedistinctisovalueset
spansalmostthe entirerange,symbolizinggreaterchanges
when thesevaluesare crossed The RADMRI datasethas
32-bit oating point valuesat the voxel end points. This

providesfor a wider rangeof valuesfor a given resolution
model.

The averagenumberof active edgesrefersto the voxel
edgesintersecteddy the isosurfice.Our run-time memory
consumptionis proportionalto the numberof intersecting
voxels (around4QV bytes,whereV is the numberof inter-
sectingvoxels),andnotthewhole model.This coupledwith
the level-of-detailaidsin renderinghigh resolutionmodels
atnearreal-timeframerates.

In Table2, we give timings andthe storagerequirements
for the preprocessinglgorithm.During pre-processingye
storetheedgeidsfor all thechangesln Table3, we shav the
time takenwhentheusermakesabig changedn theisovalue
to be renderedFor very small changeswe canchangethe
isosurficein lessthana millisecond without affecting the

¢ TheEurographic#ssociation2003.

Model Resolution | Distinct | Avg. No. of
isovalues ActiveEdges
RADMRI 69x261x69 | 904,216/ 176,104
BluntFin | 256x256x256 54,268 | 402,918
SphericalShell| 256x256x256 33,743 | 176,504
BostonTeapot 256x256x256 236 320,382
CT HeadScan|512x512x252 259 803,113

Table 1: Detailsof themodelsusedfor experimentation

Model |Error |Pre-proc. | Changein | Disk

(%) Time |activeedges| Space

RADMRI | 0.1 | 2.9min. 27,435 | 21MB
BluntFin | 0.2 | 5.1min. 72,196 |320MB
Sph.Shell | 0.2 | 4.5min. 65,234 |300MB
Bos.Teapot 0.7 |16.4min.| 85,556 [281MB
HeadScan| 0.8 |44.6min.| 203,139 [800MB

Table 2: Details of the preprocessingalgorithm

framerates.For appreciablehangesye take around0.1 -
0.27seconddor changesslargeas1-10%of thetotalrange
of isovalues.The averageincreasdn the numberof updates
reducesasthe stepsizeincreasesassomeof the redundant
changegancelkeachother For smallchangesdn theisovalue,
we obtainrenderingatesof 10-20framespersecondyhich
dropsto arounds-6 framesasecondn caseof largechanges.
For small changesthe framerateis still mostly dominated
by the triangle renderingperformanceof our machine(1.6
GHz PCwith GeForce3graphicscardrunningLinux). Dur-
ing run-time,only a small percentag®f time (around0.04
secondsper frame)is spentin interpolatingthe vertex and
normalvalues(andnormalizingthem).

5. Conclusion

We have developedan out-of-corecoherentalgorithm for

fastisosurfice extraction. The tamget applicationis one in

which smallchangego isovaluesaremadeto try to discover
andstudythetopologicalchangesearsomeisovalues.The
algorithm achieves ef ciency by ensuringthat mostinfor-

mationunchangedrom the previous extractionis not even
accessedn our experiencethis algorithmprovidesa faster
alternatve to onesthatrecomputeheisosurficeby starting
atthetop of ahierarcly (liketheinterval tree).

Part of thisfastperformance&omesatthe costof replicat-
ing eachpieceof datawith all its adjacentdata.While disk
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Model | Changin |Average Updates Update
isovalue(%) perframe | Time(sec)

RADMRI 0.1 3,500 0.008
RADMRI 29,316 0.07
RADMRI 88,481 0.21
RADMRI 10 116,296 0.27
BluntFin 64,185 0.14
BluntFin 80,068 0.2
BluntFin 76,877 0.19
BluntFin 10 71,453 0.17

Table 3: Run-timebehaviorof our algorithm

spaceis cheap;this still incursa four to six fold increase
overtheoriginal data.We areinvestigatingsmoothtradeofs
in replicatingonly somedataandexploiting disk-cacheco-
herencdo fetchneighboringdata.
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Figure 8: (a) A RADMRIisosurfaceb) A Blunt n isosurface

Figure 9: Redmarkstheplaceswheletheisosurfacechangesin topology aftera smallchange to theisovaluefor (a) ARADMRI
isosurfaceand (b) BostonTeapotisosurface

Figure 10: Change in the numberof trianglesastheerror thresholdchanges
(a) No error: 740,249triangles (b) 0.3% error: 645,153triangles(c) 0.8% error: 536,856triangles(d) 1.5%error: 80,197
triangles

¢ TheEurographic#ssociation2003.



