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Abstract
WepresentISOSLIDER,a systemfor interactiveexplorationof isosurfacesof a scalar�eld. Our algorithmfocuses
on fastupdateof isosurfacesfor interactivedisplayasa usermakessmallchangesto the isovalueof thedesired
surface. We exploit thecoherenceof this update. Larger changesare supportedaswell. Theupdateto theisosur-
faceis madeat a correctlevelof detail sothatnot toomanyoperationsneedbeperformednor toomanytriangles
needberendered.ISOSLIDERdoesnotneedto retaintheentirevolumein themainmemoryandstoresmostdata
outof core. Thecentral ideaof theISOSLIDERalgorithmis to determinesalientisovalueswheresurfacetopology
changesandpre-encodethesechangessoasto facilitate fastupdatesto thetriangulation.
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1. Intr oduction

Spatialdistribution of scalardatalike `bonedensity', `wind
speed'and `�uid pressure'often needsto be visualizedin
medicalandscienti�c applications(Figure8(a)).Many such
applicationsinvolve knowledgediscovery, in which scien-
tists explore a large �eld looking for “interesting” charac-
teristics.Two commonwaysof visualizingthese�elds are
directvolumerendering4 andisosurfacecomputation12; 15.
Direct volumerenderingproducesa color at eachpixel that
is thecompositionof thescalarvaluesat pointsintersected
by a ray throughthatpixel. Isosurfacevisualizationrequires
computationand display of all points (i.e., surfacesin a
three-dimensional�eld) in thedatawith agivenscalarvalue.

Onecommonmodusoperandi for dataexploration is to
continuouslyvary the desiredisovalue,generatethe result-
ing isosurfaceandseehow the surfacechangesasit slides
from value to value.Our algorithmaddressesthe needfor
suchisosurfaceexplorationandis designedto take full ad-
vantageof the resultingcoherence.In addition, our algo-
rithm workswell with largedatasizesby allowing mostof
thedatato resideon thedisk at theexplorationtime. Its fo-
cus is on interactive isosurfaceupdateso that the scientist
mayeasilymaintainthecontext astheisovaluechanges.

Formally, a volumetricscalar�eld is representedby the
setof tuples< (Si ; pi)>; i = 0::N, suchthatSi is thescalar

valueat point pi 2 < 3. Thepointspi areusuallyselectedto
lie onagrid (structuredor unstructured).Adjacentpointson
thegrid areconnectedto form a cell. We sometimesdenote
Si as S(pi) to be explicit. Furthermore,S(p) at points p
not in thetuplesetarecomputedfrom cell's Sis (usuallyby
tri-linear interpolation).Isosurfaceof a �eld, y l , at scalar
valuel is thesetof all pointsp, suchthatS(p) = l . Variants
of the MarchingCubesalgorithm15 arecommonlyusedto
computey l .

The MarchingCubesalgorithm�nds the overall surface
by processingevery cell in the input. The computationper
cell is O(1). Recentisosurfacealgorithmsreducethe num-
ber of cells consideredby predicting the active cells: the
cells,whichactuallycontainthedesiredisovalue.Thesearch
for active cells takesoneof threeforms: spatialsearch10,
rangesearch3 or surfacegrowth 1. Spatialsearchtechniques
subdivide spaceandhierarchicallyeliminatepartitionsthat
do not containan active cell. Rangesearchmethodsasso-
ciate eachcell with the rangeof valuesit contains.These
thensearchfor therangesthatcontainthedesiredisovalue.
Surfacegrowing methodsstartwith someactive cell(s)and
�nd otheractivecellsby trackingsurfaceadjacencies.Range
basedmethodsarethemostgeneralandcanhandleunstruc-
turedcells,even if they do not directly bene�t from spatial
coherenceof computations.Our algorithm is rangebased,
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appropriatelymodi�ed to exploit spatialcoherence.While
the framework of our algorithmcantradeoff time anddisk
requirements,in our currentimplementationwe have cho-
sento favor fastcomputationover disk requirement.Also,
we currentlyhandleuniform (voxel) grid input only. While
onemay handlecurvilinearandunstructuredgrids by con-
vertingthemto a uniform grid 11 �rst, our algorithmcanbe
easilyextendedto directlyhandlesuchdata.

The main idea of our algorithm is to realizethat small
changesin isovaluesrequiresmall changesto active cells.
By simply pre-computingthesechangesand storing them
out-of-corewe can �nd the active cells quickly. Note that
the isovaluesat which a topologicalchangehappensareall
in Si (In caseof trilinear interpolation,topologychangescan
occur insidea cell aswell, but aredirectly handledby the
render-timealgorithm).Hence,in principle,wemerelyneed
to store< Si ; pi> sortedby their valuesSi . Every time we
slidepastan isovalue,Si , thecellsadjacentto pi areinacti-
vatedor activatedor sometimessimply re-triangulated.We
augmentthissimpleschemeto allow ef�cient slidingof iso-
surfacesacrosssmallaswell aslargevalues.In addition,we
incorporatemulti-resolutionisosurfaceconstructioninto our
scheme.Our in-memorydatastructurealsoallows re-useof
mosttopologicalinformationfrom frameto frame.Only in-
terpolationsof valuesneedbecomputedafresh.

1.1. PreviousWork

Span-spacecomputationof Livnatet al.14 achievedO(
p

N)
searchtime for active cells. The interval-treebasedsearch
of Cignoni et al.3 reducedthat further to O(logN), which
wasextendedfor out-of-coresearchesby Chianget al.2. In-
terval treehasan optimal worst casecomplexity for range
searchbut is not well suitedfor sequentialout-of-coreac-
cessof successive intervals.While it is possibleto augment
theinterval treewith `next-in-sequence'links,wehaveopted
for a simplerdatastructurebasedon skip-lists17 thatworks
well for isosurfacesliding.Theideaof usingsuchlocal up-
dateshasbeenappliedbefore.GilesandHaimes7 maintained
two lists:minlist, sortedby theminimumvaluesof eachcell
andmaxlist, sortedby the maximumvalueof eachcell. If
the isovalueis changedby a small valuefrom l 0 to l 1, all
intervals beginning in the range[l 0-l 1] are addedas po-
tential active cells.The list is thenpurgedof inactive cells.
The performancefor large changesin l is O(N). Shenand
Johnson19 improvetheaverageperformanceby transforming
themaxlistinto sweepinglist by addinga �ag for eachentry
markingwhetherthe minimum valueof the corresponding
cell is lessthanthecurrentisovalue.Theworstcaseperfor-
manceremainsO(N + K), K beingthesizeof the resulting
triangulation19. Our algorithmperformswork independent
of N andis proportionalonly to dK, thechangein triangu-
lation at eachframefor smallchangesin isovalue.For large
changesin the isovalue,the total work is still O(logN + K)

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

Oneproblemwith the MarchingCubesalgorithmis that
it generatesa largenumberof polygons,up to � ve percell.
For largevolumes,especiallyvoxel grids,this is usuallytoo
many. Ramachandranetal.20 presentanon-interactiveview-
dependentalgorithmfor isosurfaceextractiononaclusterof
machines.Dynamicsimpli�cation 9; 5 of isosurfacesis too
slow to be interactive, however, and direct cell simpli�ca-
tion schemesarepopular10; 18. Most focuson usinghierar-
chically larger cells composedof input cells when the re-
sulting interpolationerror is small. Someallow controlled
simpli�cation of topology6. Most areableto producedras-
tic simpli�cation at high errorallowance.Gregorski et al.8,
in particular, reportsnearinteractiveperformanceby enforc-
ing alimit onthenumberof operationsperformedperframe.
Theiralgorithmis designedfor view-dependentupdatesto a
given isosurface.Isosurfaceupdatesare slower, unlessthe
error thresholdis turnedvery high. Our algorithmperforms
conservativeandstaticsimpli�cation only. Theresultingtri-
anglescanbefurthersimpli�ed in aview-dependentfashion,
but thatis not currentlydonein oursystem.

2. ISOSLIDER algorithm

Themainstepsof isosurfacevisualizationareasfollows:

1. Find theactivecells
2. Find theactiveedgesfor eachcell
3. Classifyeachcell andcomputetheadjacenciesof result-

ing triangles
4. Find the verticeson the active edges(locationandnor-

mal)
5. Sendtheresultingtrianglesto thegraphicscard

A noteaboutStep5: it mustbe performedevery frame
thattheisovaluechanges.As theresultingisosurfaceslides,
thevertex positionschange.Onemightconsiderperforming
interpolationson the graphicscard.However, many appli-
cationsrequirethe surfaceto be on the CPU for geometric
analysis.We have chosento performthe interpolationson
theCPU.Notethatfor smallchangesin l , mostcellsremain
either active or inactive during the slide. Furthermore,the
sameedgesof theactive cellsusuallyremainactive imply-
ing that the cell maintainsthe sameclassi�cationanduses
the sametriangle adjacencies.We exploit coherenceat all
theselevels.

To �nd the active cells (Step1), we preprocessthe data.
Considera cell, C, with points pC

j ; j = 1::k; sortedby their

scalarvalues,i.e., SC
j < SC

j+ 1. Recall thatC is active only

for isovaluesSC
1 � l � SC

k . Thus,as we slide the isosur-
facefrom l 1 to l 2, cell C becomesactive or inactive when
we crossSC

1 or SC
k . We couldthenrecomputethetriangula-

tion for thosecells that changetheir status.Note also that
the topology of trianglesgeneratedby C changesonly at
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l = SC
j ; j = 1::k. If wemaintainasortedlist of all scalarval-

uesin the �eld, S j ; j = 1::N, we know that the topologyof
somecell changeseachtimel crossesanS j . If westorethis
information,we obtainan algorithmthat doesnot needto
touchany cell thatdoesnot undergo a changein its triangu-
lation. We nominallystorethe following informationblock
B j with eachS j in oursortedlist:

1. p j
2. E+ : thelist of indicesof theedgesthatbecomeactive
3. E� : thelist of indicesof theedgesthatbecomeinactive
4. S+ : thelist of scalarvaluesS(pl ) for eachpoint pl such

thatedgep j pl 2 E+

5. S� : thelist of scalarvaluesfor edgesin E�

For highqualityshading,wealsoretainthenormalsat p j
andall pl . This naive approachreplicateseachinput point
for eachadjacentedge.This canbe avoidedat the costof
additionaldisk I/O by using a point layout similar to that
usedby Gregorskietal.8.

Notethatthemaindrawbackof thisapproachis thatlarge
changein l requiresseveralblocksto bereadfrom thedisk
resulting in slow isosurfaceupdateeven if the blocks are
storedcontiguouslyon the disk. We solve this problemby
usingaskip list of blocks.

2.1. Skip-list

Block B j provides all changesto the active list when the
isovalue changesfrom a value l 1 2 [S j � 1;S j ] to l 2 2
[S j ;S j+ 1]. In general,if the isovaluel 1 2 [Sm� 1;Sm] goes
to l 2 2 [Sn;Sn+ 1], all blocksBm::Bn arerequired.Unfortu-
nately, this larger isovaluechangecouldrequireO(N) work
in readingandapplyingtheblocks.If themaximumnumber
of active edgesinvolved is K = E(l 1) + E(l 2), we would
like to limit the work performedto more like O(K). Us-
ing a skip-list approach17, we canreducethe actualwork
to O(logN + K).

In theskip-list structure,theoriginal list of blocksBi be-
comeslevel 0, or B0

i . Eachsuccessive level BL of the skip
list containsfewerscalarvalues,andthusfewerblocks(Fig-
ure1). All theedgechangesfrom theassociatedlower-level
blocksareconsolidatedinto asinglepairof E+ andE� lists
for thehigher-level block. As partof this consolidation,re-
dundantedgesareeliminated.Theseredundantedgeswere
bothactivatedanddeactivatedwithin thespanof thehigher-
level block,sothey representunnecessarywork.

We build level L from level L � 1 asfollows.We traverse
level L � 1, consolidatingE+ andE� lists aswe proceed,
removing redundantedges.Whenthenumberof redundant
edgesasa ratio of thenumberof active edges,k, at thecur-
rent isovaluebecomesgreaterthana user-speci�ed thresh-
old, theseconsolidatedlists becomea singleblock at level
L. EachblockBL

i containsthestartingscalarvalueaswell as
the consolidatededgeslists andtheir associateddata.This

level-by-level streamingapproachallows us to generatea
new level from thepreviousonewhenthedatais storedout
of corememory. Becauseeachblock at level L is associated
with at leasttwo blocksat level L � 1, therecanbeno more
thanO(logN) levels.

Now let usreconsiderthealgorithmfor changingan iso-
value from l 1 to l 2. We start at block B0

m� 1 and wish to
reachblock B0

n. Ratherthanreadingandapplyingall thein-
dividualblocksonlevel 0 from m� 1 to n, wetakeany avail-
ableopportunitiesalongtheway to stepup to ahigherlevel,
walkingasfaraspossibleat thehigherlevelsto avoid redun-
dantwork. Whenwe canwalk no further at a higher level
withoutpassingl 2, westepbackdown to alower level.This
is similar to thestandardskip list algorithm,exceptwe can
startfrom somearbitrarypositionin the0-level list. Theto-
tal work performedis reducedby thisalgorithmto O(logN)
walkingupanddown thelistsplusO(K) time traversingthe
levels.

 !
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Figure1: SkipList

Asymptotically, theskip list describedabovehasO(logn)
levels and the searchtime for an isovalue is O(logN). An
edgecan appearat most twice at any level. Thus a naive
countingboundsthe 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, at leastfractionk of theedgesof a level do not appear
in the level above, for a userspeci�ed constantk. Thusthe
total spacerequirementis only N

k = O(N).

Even this spacerequirementcan be reducedby simple
compression.In particular, the normalsfor the verticescan
be quantizedto 16 bits. The datafor eachvertex adjacent
alongtheedgesin E+ andE� canbepredictively 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 takes32 bits, isovalueanother32 andnormal16. This
totals to 6E + 10N bytes,for N verticesandE edges,less
that400megabytesfor a 2563 modelat thelowestlevel and
aboutagigabytefor theentireskip list.

At thehigherlevels,thealgorithmdegeneratesto simply
keepingthe list of active cells for eachchosenisovaluebe-
causeof the lack in coherence,in a way similar to Bajaj et
al.1. For applicationwherelarge jumps in the isovalueare
not required,thehigherlevelsof theskip list neednot even
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be precomputedandcomputedonline whennecessary. We
usually only precompute4-5 levels and leave the rest un-
generated,whichmaybecomputedin a lazy fashion.

2.2. Level of Detail

Sincethe naive MarchingCubesalgorithmoften produces
toomany triangles,wereducethisgeometriccomplexity for
betterinteractive performance.Our goal in this algorithmis
to maintainthe topologicalstructureof the isosurfacewith
minimal error in the position of triangle vertices.We cur-
rentlydonotperformview-dependentsimpli�cation 8 or vis-
ibility culling 13. Our maincriterion is to replacegroupsof
small trianglesby largerones,if theresultingerroris small.
We performthis simpli�cation by merging cells into larger
cells.For example,in Figure2 cellsC00::C03 of level zero
have beenmergedto form cell C10 of level one,their ances-
tor. The neighboringcells C04::C07 are not merged in this
example.We ensurethat the triangulationat the common
boundaryAC matchesasexplainedbelow.

A groupof cellsis `mergeable'if thecommonedgesmay
be deletedsubjectto topologicalconstraints.An edgepi p j
may be deletedif both valuesS(pi) andS(p j ) may be re-
liably interpolatedfrom the remainingpointsof the parent
(ancestor)cell aftermerger. In Figure3,afteredgedeletions,
active edgeAB maybereplacedby edgeAC andHI maybe
replacedby GI. If linear interpolationof ac andgi doesnot
differ muchfrom theedgesformedby thesubcells,cellC10
may be used.We ensurethis by restrictingthe difference
betweenthedeletedisovaluesandthe isovalueinterpolated
along eachretainededgecrossingthe sample.For exam-
ple in Figure3, edgeHB maybeusedif (I (S(H);S(B)) �
S(E)) < D for a smallD, whereI denoteslinear interpola-
tion. If all edgesof acell (HB;DF;AC;AG;GI andCI in this
case)areusable,thecell is usable.Thetopologicalcorrect-
nessis guaranteedby thefollowing restrictionsonmergerof
edgesABandBC:

1. Only one of AB and BC may be active at a time, i.e.,
valuesS(A);S(B); andS(C) monotonicallyincreaseor
decrease.Sincethe mergededgemay not have two in-
tersectionswith the isosurface,so mustnot the original
edges.

2. An activeedgemaynotbedeleted.

Let usassumethat thecell is a cube.In threedimensions
anactiveedgemustactivatefour cellsadjacentto it asshown
for edgeABin Figure4. If oneof theadjacentcellsis already
active, its topologychanges.For multi-resolutioncubesthe
adjacency is not assimple.As demonstratedin two dimen-
sions in Figure 2, cells C00::C03 merge to form cell C10,
whereascells C04::C07 remain.EdgeAB hasadjacentcell
C00 inactive.Technically, edgesABandAC arebothpartsof
activecells,but to avoid replicationweuseonly thesmallest
edgeasthe active edge,AB in this case.This alsoprevents
cracksbecausecellC10 is forcedto usetheedgeABto com-
puteits vertex. Note thatadjacentedgesAB andBC cannot
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Figure2: Cell Merging

both be active if cell C10 is used.Consequently, whenAB
becomesactive,wemustinfer from AB(andtheotheractive
edges)theactivecells:C10 in thiscaseasopposedtoC00. To
enablethis inferencewekeepa �ag for all potentiallyactive
ancestorsof anactivechild cell.
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Figure3: Simpli�ed isosurface
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Figure4: Anedgeactivatesadjacentcells

1. An active edgemarksall its adjacentcellsactive. In the
example in Figure 2, AB is active due to cell C07 but
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marksC07 aswell asC00. C00 is marked erroneouslyin
thiscase.

2. If a cell is markederroneously, it mustbethechild of an
appropriatelyactive cell. In theexamplein Figure5, that
activeancestoris thelargecell C. Theerroneouslyactive
child is either in the middle of its ancestor's edgeas is
cell C03 in Figure5(a) or at the cornerof the edgeasis
cell C00 in Figure5(b).

3. In the�rst case,C03 maynothaveany otheredgesmarked
active, a clear indication that the edgeAB needsto be
contributedto anancestor.

4. In thesecondcase,C00 mayhaveenoughedgesof thean-
cestor(two in 2D, threein 3D) activeto beconfusedfor a
realMarchingCubescase.However, even if we `assign'
edgesAB andAD to cell C00 andtriangulateit, the �nal
resultis correct.Thishappensbecausetheedgescontain-
ing AB andAD, AB0 andAD0, respectively of cell C will
not bemarkedactive asC00 never reportsit to C. That is
still correctasthereis noMarchingCubescasewherethe
mis-assignededgesAB0 andAD0 areusedfor any other
triangleof C.

(a) (b)
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Figure5: ParentLocationfromChildrenof Cell C

Thuswe areableto preciselyrecognizethe casewhena
child cell is mis-activatedandmustnow look for its proper
active ancestor. To enablesucha searchfor theancestor, we
simply ensurethat an ancestoris activatedbeforeany chil-
dren:thehighestlevel edgesin E+ areadded�rst.

Theabove algorithmensuresthatthesurfacehasC0 con-
tinuity along the edgesof the voxels. To ensurehole-free
merging of adjacentvoxels along their commonfaces,we
needto modify the triangulationof a higherlevel cell shar-
ing faceboundarieswith lower level cells (Figure 6). For
everysuchcell, weusethefollowing steps:

1. For eachfaceof thehigherlevel cell (C in Figure6),com-
putethe relevant adjacentlower level cells (D1, D2 and
D3). Also computetheintersectingpoints,namely, P1, P2
andP3.

2. The edgeAB is replacedby edgesAP1, P1P2, P2P3 and

P3B. Unlike Shekharet al.18, we do not translatethe
smalleredgestowardsthelargeredge,but insteadreverse
the process.This ensuresconsistenttriangulationin the
smallercells. Note that the resultingedgestill satis�es
theinitial errorthresholdcriteria.

3. Eachedgeof the triangulationof thehigherlevel cell is
now replacedby aunionof oneor moresmaller(C0 con-
tinuous)edges.We retriangulateeachof theoriginal tri-
anglesto obtainthenew triangulation(Figure7).
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Figure 6: Edge positionson the commonfaceboundaryof
neighbors in differentlevelsof theLOD hierarchy
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Figure 7: Retriangulatingthe original triangle XYZto get
thenew triangles

Theaboveprocessensuresthattheresultingsurfaceis wa-
tertightwith noholes.

3. Implementation

We have implementeda versionof our algorithmon a 1.6
GHz Linux PC with an NVIDIA GeForce3capablegraph-
icscard.Ourcurrentimplementationof non-uniformcellsis
incompleteandwereportresultsonly onuniformvoxel data.

Vertex arrays(http://www.nvidia.com ) areanef-
�cient tool to displaytriangles.We usethis representation,
which requires:
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� V: acontiguouslist of all verticesusedin thetrianglesand
� T: acontiguouslist of all triangles,eachtrianglespeci�ed

by threeindicesinto V.

We recomputeV every framethe isosurfacechangesbut
reusemost of T. In order to reusethe indicesof T, it is
importantto updateV coherently. We alsoretainthe active
edgesandcells in the main memoryfrom frameto frame.
We assumethetriangle,edgeandcell information�t in the
mainmemory. (For verylargedatasetsthatdonotallow that,
it is possibleto usethe `metacell'schemeof Chianget al.2

to processasubsetof thedataata time.)

3.1. Precomputation

Theprecomputationstepsorts(usingexternalmemorysort-
ing) the input scalarvaluesandconstructsthe skip list in a
bottom-uptraversal,level by level. First, it computestheer-
ror of eachhierarchicallyconstructedcell from its children's
value.Weuseanerrorboundof 1%of thetotal rangeof iso-
values.Any activeedgewith largererroris notmerged.The
sortedtuples< Si ; pi> , arenext traversedasfollows.At each
stepof level zero,weconsiderall edgesconnectedto thecor-
respondingpoint pi . We �nd theedgesconnectedto pi that
becomeactive andthosethat becomeinactive whencross-
ing the isovalue from below it to above it. The new edges
aretestedin theorderof their size.The largestedgeusable
is addedto E+ . If an addededgecausesa new topological
constraintviolation in any adjacentcell, that cell is subdi-
vided.Deletededgesareaddedto E� . Eachdeletededgeis
next testedfor topologicalconstraints.If theedgewascon-
straininganadjacentcell, thatcell is retestedfor merger. All
informationof theaffectededgesis collectedandappended
to theendof the �le. MergeandSplit recordsarestoredas
theID of theedgeandthecountof how many timesit may
mergesor splits.For example,if an edgeAB mergesto its
grandparent,westoreits ID andthecount2.

3.2. In-coredata structur e

We maintainthe following datastructuresat the rendering
time:

� An Edgeinformationarray(E), whichmaintainstheinfor-
mationrelatedto eachactive edge.Speci�cally, we store
the vertex coordinates(V1), isovalue(S1) at the starting
pointof theedge,thenormalvaluesat thetwo end-points
of theedge(N1 andN2), thegradientin thevertex coordi-
nates¶V = V2� V1

S2�S 1
. In orderto expeditethecomputation

of the unit normalat run-time,we alsomaintaina value
m = 2sin2(a=2), wherea is the anglebetweenN1 and
N2. For the interpolatingparametervaluet, the norm of
thenormalis givenas 1p

1� 2mt(1� t)
, for small2mt(1� t).

We usetheTaylor's expansionto evaluatethenorm,thus
avoiding theexpensivesquare-rootoperation.

� An arrayof list of indices(I ) forming thetriangles.These

indicesrepresentthe vertex indiceswhich form eachtri-
angle.The marchingcubesalgorithmcangenerateup to
�ve trianglesfor eachactive voxel. We maintain�ve dif-
ferent lists, list i for trianglesof voxels with i triangles.
The trianglesof eachcell are storedcontiguouslyin its
correspondinglist. As a cell undergoesa changein the
numberof its triangles,thiscontiguoussetis deletedfrom
theold list andtransferredto anotherif needed.Thisbuck-
eting by trianglesetcardinalityallows effective memory
management.All trianglesetsin list i are the samesize
anda holecreatedby a deletedsetcanbeeasily�lled by
anotherset.

� An array of vertex Values(V). Eachentry in this array
correspondsto theinterpolatedvertex valuefromtheEdge
arrayE.

� An arrayof unit lengthNormals(N). Eachentryin thisar-
ray correspondsto thenormalvalueat thecorresponding
locationin theVerticesArray V.

� Hashtables,HE andHC, for theactive edgesandtheac-
tiveCellsrespectively. HE storesatuple< gid, id> , where
gid is theidenti�er (ID) for theedge,andid is its location
in E. gid is formed from the edge's location,direction,
and its level in the Level-of-Detail hierarchy. HC stores
for eachvoxel, thetuple< vid, StartAddress, list_number,
case_number> . Here vid is the identi�er of the voxel
which is formed from its position in spaceand its level
in theLOD hierarchy. list_numberrefersto thenumberof
trianglesthevoxel hasat thatinstant,StartAddressrefers
to its startingindex in I , andcase_numberrefersto the
casenumberof the Marching Cubestable usedfor this
particularvoxel. We usea hashfunction from the family
of hashfunctionsH = f ha;bja;b 2 Zpg; with a 6= 0. ha;b
is de�ned as ha;b(x) = g ( fa;b(x)), whereg : Zp ! N ,
given by g(x) = x mod n, and fa;b(x) = (ax+ b) mod p.
Herep is a large prime number(greaterthanthe largest
entry beinghashedto the table),andn is the sizeof the
hashtable. The size of the hashtable is chosento be
twice theaveragenumberof edgesexpectedto beactive
(O(N

2
3 )), whereN is thetotalnumberof sampledpointsin

thedataset.This family of hashfunctionsis provento be
strongly2-universal16, therebyreducingthe probability
of collisions.Westressthatsuchahashfunctionis neces-
saryfor attainingreal-timerateswith our algorithm(Ex-
pectedO(1) searchtime). We maintainopenchainhash-
ing, i.e.all theentriescolliding atonespeci�c locationof
thehashtablearelinkedtogetherin a link-list.

3.3. Sliding

As theuserslidesthe isovalue,two kindsof updatesarere-
quired:changeof theactiveedgelist andcomputationof the
interpolatedvertex andnormalcoordinates.

Oncetheactiveedgelist is �x ed,only thearraysV andN
needto bechanged.A speci�c entryVi is changedby r Vi =
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¶S * ¶V i (storedin E). Similarly, thenormalis interpolated
from N̂1 andN̂2, andscaledby its lengthto normalizeit.

If the active edgelist changes,theseadditionsanddele-
tionsarestoredin listsAddandDeleterespectively. Wepro-
cessthe Delete list beforeaccessingthe Add list to avoid
fragmentationin thevariousarrays.Eachentryof theDelete
list containsanedgeID, which is thenhashed(usingHE) to
theEdgeinformationarray(E), anddeletedfrom bothlists.
TheIDs of cellsadjacentto theedgeis hashedto obtaintheir
indicesin HC. Thecasemaskof eachcell is changed.Also,
theStart_Addressandlist_number�elds of thecell become
stale.Thecorrespondingentriesin I aredeleted,fragmenting
thesearraystemporarily. Next, theAddlist is processed,and
a new entryis insertedfor this edgeinto HE andE (thereby
�lling up the holescreatedby the deletions).Again, HC is
modi�ed, andthecorrespondingcasemasksareupdated.In
casethenumberof additionsis smallerthanthenumberof
deletions,E andI arecompacted.We �ll theholesby trans-
ferring entriesfrom the endof the list into them.Whenan
edgeentry is moved, its cells arere-accessedandtheir af-
fectedtriangle's indicesaremodi�ed to theedge'snew loca-
tion.

Oncethetopologyhasbeenchanged,thevertex andnor-
mal listsareregeneratedfrom E. Finally, V, N andI aresent
to thegraphicspipeline.

4. Results

We have testedour algorithmon a varietyof models.In Ta-
ble 1, we reporttheseveral featuresof the � ve majormod-
elswe used.Thenumberof distinct isovaluesin a datasetis
an indicationof how often we have to computethe change
in topology (Figure 9) and storethe changes.The Boston
Teapotis a8-bit quantizeddataset,while theBluntFin (Fig-
ure8(b)),CT HeadScanandtheSphericalShellmodelsare
16-bitquantizeddatasets,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
edgesintersectedby the isosurface.Our run-timememory
consumptionis proportionalto the numberof intersecting
voxels (around40V bytes,whereV is the numberof inter-
sectingvoxels),andnot thewholemodel.Thiscoupledwith
the level-of-detailaidsin renderinghigh resolutionmodels
atnearreal-timeframerates.

In Table2, we give timingsandthestoragerequirements
for thepreprocessingalgorithm.During pre-processing,we
storetheedgeidsfor all thechanges.In Table3,weshow the
timetakenwhentheusermakesabig changein theisovalue
to be rendered.For very small changes,we canchangethe
isosurfacein lessthana millisecond, without affecting the

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

Table1: Detailsof themodelsusedfor experimentation

Model Error Pre-proc. Change in 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

Table2: Detailsof thepreprocessingalgorithm

framerates.For appreciablechanges,we take around0.1 -
0.27secondsfor changesaslargeas1-10%of thetotalrange
of isovalues.Theaverageincreasein thenumberof updates
reducesasthestepsizeincreases,assomeof theredundant
changescanceleachother. For smallchangesin theisovalue,
weobtainrenderingratesof 10-20framespersecond,which
dropsto around5-6framesasecondin caseof largechanges.
For small changes,the framerateis still mostly dominated
by the trianglerenderingperformanceof our machine(1.6
GHz PCwith GeForce3graphicscardrunningLinux). Dur-
ing run-time,only a small percentageof time (around0.04
secondsper frame) is spentin interpolatingthe vertex and
normalvalues(andnormalizingthem).

5. Conclusion

We have developedan out-of-corecoherentalgorithm for
fast isosurfaceextraction.The target applicationis one in
whichsmallchangesto isovaluesaremadeto try to discover
andstudythetopologicalchangesnearsomeisovalues.The
algorithm achieves ef�ciency by ensuringthat most infor-
mationunchangedfrom the previous extractionis not even
accessed.In our experiencethis algorithmprovidesa faster
alternative to onesthatrecomputetheisosurfaceby starting
at thetopof ahierarchy (like theinterval tree).

Partof this fastperformancecomesat thecostof replicat-
ing eachpieceof datawith all its adjacentdata.While disk
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Model Change in AverageUpdates Update

isovalue(%) per frame Time(sec)

RADMRI 0.1 3,500 0.008

RADMRI 1 29,316 0.07

RADMRI 5 88,481 0.21

RADMRI 10 116,296 0.27

BluntFin 1 64,185 0.14

BluntFin 2 80,068 0.2

BluntFin 5 76,877 0.19

BluntFin 10 71,453 0.17

Table3: Run-timebehaviorof our algorithm

spaceis cheap,this still incurs a four to six fold increase
over theoriginaldata.Weareinvestigatingsmoothtradeoffs
in replicatingonly somedataandexploiting disk-cacheco-
herenceto fetchneighboringdata.
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Figure8: (a) A RADMRIisosurface(b) A Blunt�n isosurface

Figure9: Redmarkstheplaceswheretheisosurfacechangesin topologyaftera smallchangeto theisovaluefor (a) A RADMRI
isosurfaceand(b) BostonTeapotisosurface

Figure10: Change in thenumberof 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
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