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Building 3D surface networks from 2D curve networks with
application to anatomical modeling

Abstract Constructin8D surfaceghatinterpolate®D curvesK eywords surfacenetwork polygonalmodeling contour

de nedonparallelplaness afundamentaproblemin com-
puter graphicswith wide applicationsincluding modeling
anatomicaktructuresTypically theproblemis simpli ed so
that the 2D curves partition eachplaneinto only two ma-
terials (e.g., air versustissue).Here we considerthe gen-
eralproblemwhereeachplaneis partitionedby a curve net-
work into multiple materials(e.g., air, cortex, cerebellum,
etc.). We presenta novel methodthat automaticallycon-
structsa surface network from curve networks with arbi-

trary topology and partitioning an arbitrary numberof ma-
terials. The surface network exactly interpolatesthe curve

network on eachplaneandis guaranteedo be free of gaps
or self-intersectiondn addition,our methodprovidesa e x-

ible framawork for userinteractionsothatthe surfacetopol-

ogy canbemaodi ed corvenientlywhennecessarnAs anap-
plication, we appliedthe methodto build a high-resolution
3D modelof the mousebrain from 2D anatomicalbound-
ariesde ned on 350 tissuesections.The surface network

accuratelymodelsthe partitioningof the braininto 17 akut-

ting anatomicalegionswith comple topology

TaoJu

Washingtorniversity, St. Louis, MO, USA
Tel.: +01(314)935- 6160

E-mail: jutao@rice.edu

JoeWarren

Rice University, Houston,TX, USA
Tel.: +01(713)348- 3837

E-mail: jwarren@rice.edu

JamegLCarsonGregor Eichele,ChristinaThaller, Wah Chiu
Baylor College of Medicine,Houston, TX, USA

Tel.: +01(713)798- 6989

E-mail: [james.carson][geichele][cthaller]ph]@bcm.tmc.edu

Gregor Eichele

Max PlanckInstitute of ExperimentaEndocrinology FeodofLynen-
Str. 7, D-30625,Hannoer, Germary

Tel.: +49(511)5359- 100

E-mail: gregor.eichele@mpihan.mpg.de

MusodigBello, loannisKakadiaris
University of Houston Houston,TX, USA
Tel.: +01(713)743-1255

E-mail: [mbello][ioannisk]@uh.edu

interpolation

1 Intr oduction

A typical way of building a 3D surfacemodelis by inter-
polatingcurvesde ned on parallel2D planes For example,
in computeraideddesign,a commonway of creatinga 3D
objectis by interpolatingits cross-sectionaturves. In ge-
ology, the surfaceof theterrainis often createdby interpo-
lating planarcontoursof the terrainat differentheights.In
theseapplications,each2D plane containsa setof simple
closedcurvesthatpartitionsthe planeinto two materials air
andsolid (or outsideandinside). The resultingsurfacecon-
nectsthe curveson successie planesto form the boundary
betweenvolumesassociatedvith the two materials.There
have beentremendousamountof work in developingtech-
niguesfor building suchsurfacesrom simpleplanarcunes,
mary of which have beensuccessfullyemplo/ed in CAD
andgeologyapplicationgseeextendedeview in Section2).
In somebio-medicalapplicationshowever, we arecon-
frontedwith amoredemandindask.To build a3D modelof
ananatomicastructurewe oftenstartfrom astackof 2D tis-
suesectionsFor comple structuresuchasthe brain,each
sectionis annotatedwith variousanatomicalregions (e.g.,
cortex, cerebellumetc.)partitionedby anetwork of anatom-
ical boundariesFiguresl (a,b)shav two annotatedections
of a mousebrain wherethe anatomicalregions are repre-
sentedby colors.Thegoalis to connectheboundarycurves
oneachsectionto form a network of surfacesn 3D, suchas
the oneshawvn in Figure 1 (c), which modelsthe partition-
ing of thestructureinto anatomicalegionsin spaceSurface
networks of this type cansene as3D atlasef anatomical
structureghatoftenplay key rolesin understandindpiolog-
ical functionsandinterpretingbio-chemicaldata.For exam-
ple, in a previous work [18] the authorshave utilized a 2D
atlasrepresenteds curve networks for studyinggeneex-
pressiorpatternsover the mousebrain.
Problem statement Motivated by the biological applica-
tion, we areinterestedn thefollowing problem:Givena set
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Fig. 1 Constructinga surfacenetwork from curve networks: two paralleltissuesectionsof the mousebrain partitionedinto anatomicategions
by curve networks (a,b);a surfacenetwork thatinterpolateghe curve networks on thetwo sectiongc).

of non-intersectingurve networkspartitioning a seriesof
parallel planesinto multiple materials(e.g.,anatomicalke-
gions),generate surfacenetwork with the following prop-
erties:

Inter polation The surfacenetwork shouldexactly interpo-
latethe curve networks on eachplane.
Geometric correctnessThe surfacenetwork shouldparti-

tion spacento disjointvolumesgachboundedy aclosed

meshwithout self-intersectionsr gaps.

TopologicalcorrectnessThe topology of surface network
should agreewith the topology of the original object
from which the curve networksarecreated.

ChallengesDeveloping an ef cient androbust methodfor

building surface networks is a non-trivial task, especially
given curve networks with complex shapesand topology
(suchasanatomicaboundaries)In particular directappli-

cationof existing methoddor building surfacesrom simple
planarcurves- by constructingone surfacefor eachmate-
rial partitionedby the curve network [13] - oftenleadsto in-

valid geometryFor example eachof thetwo sectionshavn

in Figures?2 (a,b) containsthree materialsrepresentingair

andtwo anatomicategions.Building surfacesseparatelyor

the greenregion and the purple region will resultin self-

intersectinggeometryasshown in Figure?2 (c).

Moreover, given curve networks on two parallelplanes,
thereusuallyexist multiple geometricallycorrect,yet topo-
logically distinct surfacenetworks. For example,Figures2
(d,e,f) shawv threetopologically different surface networks
connectingthe curve networks in Figures2 (a,b). Sinceit
is impossibleto infer the topology of the original surface
solely from the curve networks de ned on the two planes,
manualadjustments oftenthe only way to producea valid
reconstructionUnfortunately most existing algorithmsdo
not provide mechanismdor userinteraction(see Section
2), while the few exceptionsarerestrictedto handlesimple
closedcunes, insteadof curve networks, on eachparallel
plane.

Contrib utions In this paper we present novel methodfor
building asurfacenetwork from arbitrarycurve networksde-
ned on parallel planes.Insteadof directly connectingthe
cunesto form surfaces which may resultin invalid geom-
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Fig. 2 Curve networks on two neighboringsections(a,b), an invalid
surfacenetwork with self-intersectinggeometry(c), andthreegeomet-
rically correctsurfacenetworkswith varioustopology(d,e,f).

etry, thekey is to consideow 2D regionsof the samema-
terial on successie planesare connectedo form 3D vol-
umesWe representhesevolumesin spaceausinganabstract
graphstructure calledthevolumegraph which providesdi-
rectandconvenientcontrol over the topology of the result-
ing surfacenetwork. By adaptinga multi-materialcontour
ing method[17], we areableto createa geometricallycor
rectsurfacenetwork giventhetopologyof thevolumegraph.
Usingthis methodwe can

— Automaticallyconstructa geometricallycorrectsurface
network thatinterpolatesrbitrarycurve networkson par
allel planes.

— Allow corvenientuserinteractionto modify the topol-
ogy of the automaticallyreconstructedurfacenetwork.
Usingthe volumegraph,the usercancreatea variety of
surfacetopologywithoutlosinggeometriccorrectness.

Someresultsof ourmethodareshovnin Figurel (c) and
Figures2 (d,e,f). As an application,we usethis methodto
constructa high-resolutiormodelof the adultmousebrain.
Themodelis createdautomaticallyfrom 350 brainsections
followed by userguidedtopology adjustmentand the re-
sulting surface network accuratelymodelsthe partitioning
of thebraininto 17 anatomicategionswith complex shapes
andtopology
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2 Previous work

Building surfacesfrom curves on parallel planeshasbeen
studiedextensvely in the pastthreedecadesandnumerous
methodshave beenproposedin mary elds theproblemis
alsoknown ascontourinterpolationor contourtiling, where
thecurvesoneachplanearereferredtio ascontourines[19].
Herewe attemptonly to provide a brief review of someof
thesemethodsandwe referinterestedeaderso excellent
suneys by Hagen[14] andby SloanandPainter[24].

With few exceptiong26], previousmethodsaredesigned
to build a surfacefrom simple contourlines that partition
eachplaneinto only two materialge.g.,air andsolid). Early
approachesttemptto nd atriangulartiling that connects
the contourlines on the neighboringplaneswhile optimiz-
ing a quality measuresuchas the minimum surface area
criteriain the work of Fuchset al. [12]. While Fuchs'and
laterapproachef®,21] producefairly goodlooking surfaces
connectingsimplecontourlines, thetechniquesnay genes
ate surfaceswith either self-intersectionor gapsbetween
planescontainingmultiple andnesteccontours.

Recentwork on surfacereconstructiorfrom simplepla-
nar curvesfocuseson robust handlingof curveswith arbi-
trary topologyandgeometry Boissonnapresentsa method
basedon Delaunaytriangulations[6], which is re ned by
Geiger[13]. Chenget al. [8] improve Boissonnas method
further to generatesurfaceswithout having to compute3D
Delaunaytriangulations Several researcherbave usedim-
plicit functionsto interpolatebetweerplanarcurves,suchas
the methodof Hermanet al. [15] andCsebélvi etal. [10].
The variationalapproachof Turk et al. [25] combinesthe
two stepsof building and interpolatingimplicit functions.
Generatingsmoothsurfacesby solving Partial Differential
EquationgPDE) hasalsobeenconsideredy Bloor etal.[5]
andlaterby Chaietal. [7], who furtherstudiedsmoothcon-
nectionsof neighboringsurfacessharinga commoncurve.
Finally, a group of researcher¢ [2—4,20,23]) have devel-
opedmethodsbasedon computingorthogonalprojections
of two neighboringplanesn orderto construcsurfaceswith
correctgeometryandreasonabléopology In particular the
methodsof Oliva et al. [23] and Barequetet al. [3] com-
putethe areasof differencesn the projectedplaneandytri-
angulateheseareasusingVoronoidiagramg23] or Straight
Skeletond3].

To the bestof our knowledge,the only methodfor han-
dling cune networks that partition eachunderlying plane
into multiple materialds therecentwork by Weinstein[26].
UsingavolumetricapproachWeinstein rst voxelizeseach
planeonto a uniform grid, whereeachgrid point is associ-
atedwith a materialtype. Next, the surfacesbetweenvol-
umesof differentmaterialsare generatedising contouring
on the voxel grid. Weinsteins approachproducesgeomet-
rically correctsurfacenetwork for curve networks of arbi-
trary topology However, dueto the useof regular voxels,
the surfacenetwork producedby Weinsteins approactonly
approximatesatherthaninterpolateghe curve network on
eachplane.

Most existing algorithms(including the work by Wein-
stein[26]) aredesignedo completelyautomatesurfacere-
construction leaving little room for the userto adjustthe
topology of the resultingsurfacenetwork. The few excep-
tionsincludethe methodof Christianserand Sederbey [9],
whereuserinteractionis requiredto guidethe triangulation
in casef excessve ambiguity Softwarepackagessuchas
SURFdriver [22], allow a limited degreeof userinteraction
duringsurfacereconstructionsuchascappingandconnect-
ing regions.However, thesemechanism$or userinteraction
arerestrictedo simpleclosedcurveson eachplane,andcan
be hardto extendto curve networks due to the increased
complity of surfacetopology

3 Algorithm overview

Like mostothermethodsfor building surfacesfrom curves
on parallelplanes,our methodcomputesa layer of surface
network betweereverytwo neighboringplanesandconcate-
natessuccessie layersto form a completemodel. Given
curve networks de ned on two neighboringplanes(Figures
3 (a,b)),ourmethodproceedsn threesteps:

1. Projection: Projectthe curve networksfrom eachplane
orthogonallyontoa commonplane.A wedg is de ned
asacylindrical spacebetweerthetwo planesprojecting
ontoapartitionedregion onthecommonplane(Figure3
(€)).

2. Topologycreation: Createavolumegraphthatdescribes
how eachwedgeis decomposedrthogonallyinto layers
of materials,and how layers of the samematerial be-
tweenneighboringwedgesare connectedo form vol-
umes(Figure3 (d)).

3. Polygonalization: Constructhesurfacenetwork by polyg-
onalizingtheinterfacesbetweemeighboringvolumesin
thevolumegraph(Figure3 (f)).

Thekey stepin ourmethodis creatingthevolumegraph,
which describeshow the spacebetweenthe two planesis
partitionedinto volumesof variousmaterials Representing
eachlayerasa node,the volumegraphexpresseghe parti-
tioning in anintuitive mannercconnectedodesof thesame
materialin the graphrepresent continuousvolume, while
connecteahodesof differentmaterialsepresenaninterface
betweemeighboringvolumes(Figure3 (d)). As aresult,the
surfacenetwork correspond$o only edgeson the graphex-
hibiting a materialchange.

Givena setof planarcurve networks, thethreestepsare
performedautomaticallyby creatingandusinganinitial vol-
umegraph(suchasFigure 3 (d)). However, onecaniterate
step2 and3 by modifying the volumegraph(manually)and
regeneratingthe surfacegeometry(automatically).For ex-
ample,Figure 3 (e) shavs a modi ed volume graphfrom
the default graphin (d), andthe resultingsurfaceis shavn
in (g). Notethatthe polygonalizatiorstepguaranteeto cre-
ate a geometricallycorrectsurfacegiven ary valid volume
graph.
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Fig. 3 Surfacegenerationcurve networks on two neighboringplanes
(a,b),orthogonabprojectionsof thecurvesonacommonplanewith the
partitionedwedgegc), theinitial volumegraph(d) andthe polygonal-
izedsurfacenetwork (f), amodi ed volumegraph(e) andtheresulting
surfacenetwork (g). Thesurfacescorrespondo thedottededgesn the
volumegraph.

Next we shalldiscusghethreestepsf ourmethodn de-
tail, followedby anapplicationof the methodto build a sur
facenetwork representinghe mousebrain for bio-medical
studies.

4 Projection

Given two neighboringplanes,we computea decomposi-
tion of the spacebetweenthe planesinto wedgsusingthe
orthogonalprojectionof the curve networks. To do so, we
rst computeintersection®f the projectedcurvesfrom two
planesontoa commonplane.The projectionsof thesenter-
sectionpoints are addedback into the curve networks on
eachplane.To maintaintopological connectity between
surfacenetworks generatedbetweersuccessie planesit is
importantthatthe curveson eachplaneareaugmentedvith
projectionsof the intersectionpoints with curves from its
two neighboringplanesin this way, the polygonsgenerated
onthetwo sidesof the planewill sharecommonvertices.

Secondthe partitionedregions (suchasthe labeledre-
gionsin Figure3 (c)) areidenti ed onthecommonplaneby
tracing closedboundarycyclesin the projectedcurve net-
work (a region may be boundedby multiple boundarycy-
cles,which can be detectedusing a scan-linebasedalgo-
rithm [11]). Eachpartitionedregion then correspondgo a
wedgeof spacéboundeetweerthetwo planeghatprojects
ontotheregion.

5 Topologycreation

Thekey ideabehindour methodis to consideihow thespace
betweentwo planesis partitionedinto volumesof various
materials.Sincethis spaceis alreadydivided into wedges,
we furtherdecomposeachwedgeinto layers stacledin the
orthogonadirectionfrom the bottomplaneto thetop plane.
Eachlayer is an atomic elementof the spacelled with a
singlematerial anda continuoussolumeis formedby layers
of asamematerialbetweemeighboringwedgesWe create
agraph(calledthevolumegraph) to describethis formation
of volumes:

— A nodein thegraphrepresenta layerof awedgeandis
associateavith thelayer's material.

— An edgein thegraphconnectsieighboringayerswithin
awedgeor betweemeighboringwedges.

The volumegraphin Figure3 (d) is automaticallycre-
atedfrom the two planesin (a,b), wherethe top (bottom)
nodesof eachwedgeare associatedvith the correspond-
ing materialson the top (bottom) planeand are connected
by edgesbetweemeighboringwedgesNote thatthe white
nodesarecreatedo representhe “outside” material.To aid
visualizationthenodesepresentindayersof asamewedge
areorganizedalongaverticalline. Obsenethatthestructure
of the graphde nesthetopologyof the volumesaswell as
thatof theresultingsurfacenetwork:

— Eachconnecteccomponenbf nodesof the samemate-
rial (connectedy solid linesin Figure3 (d)) represents
acontinuoussolume.

— Eachedgebetweemodesof different materials(shovn
as dottedlines in Figure 3 (d)) representsa boundary
surfacebetweertwo neighboringvolumes.

For example,the volumegraphin Figure3 (d) contains
three connecteccomponentof nodesassociatedvith ma-
terials white, purple and green,correspondingo the three
volumespatrtitionedby theresultingsurfacenetwork in Fig-
ure 3 (f). On the other hand,the edgeconnectingthe two
nodesof wedgeC in Figure3 (d) correspond$o the bound-
ary betweenthe greenandpurplevolumesin the middle of
Figure3 (f).

5.1 Graphvariation

The initial volume graph createdautomaticallycan be al-
teredto yield varioussurfacetopologyin severalways:
Adding nodesand edgesinsertingnex nodesbetweerthe
top and bottomnodesof eachwedgewill effectively build
intermediatelayers of structures.Since the corresponding
volumeson theresultingsurfacenetwork areinherentlydis-
joint, intersectingedgesare prohibitedin the volumegraph.
Thatis, let thenodesof eachwedgebeindexedfrom bottom
to top with increasingndices,if two edgesconnecttheith
andj th nodeof onewedgeto thekth andlth nodeof aneigh-
boringwedgewerequire(i  j) (k 1) 0. In addition,
to avoid introducingdanglingstructuresyve furtherrequire
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Fig. 4 Topology modi cation through wedge splitting: two planes
containingnon-overlappingregionsof thesamematerial(a,b),theiror-
thogonalprojectionsbefore(c) andafter(d) wedgesplitting, theinitial
volumegraph(e) andafterwedgesplitting (f) andfurthermodi cation
(9), theresultingsurfacenetwork before(h) andafter (i) modi cation.

thateachnewly insertednodemustbe connectedy edges
to existing nodesof thatmaterialon neighboringwvedges.

For example,we caninserta white nodeto wedgeC in

the graphof Figure 3 (d) and connectthe nev nodeto the
two white nodesin neighboringwedgesB andD, asshavn
in Figure3 (e). While the purpleandgreenvolumessharea
commonboundaryin the original graph(d), they aresepa-
ratedby a continuousvolumeof white materialin the mod-
i ed graph(e), asre ectedin theresultingsurfacenetwork
in (9).
Splitting wedgeswhenaddingnodesandedgess not suf-
cient to createsurfacenetwork with a desiredopology we
may split an existing wedgeinto smallerwedges.Accord-
ingly, the volume graphis populatedto include nodesand
edgegepresentinghe split wedgesThisis oftenuseful,for
example,in creatingtubular structureghat connectdistant
featuresonthetwo planes.

As anexample thecurvesshonvnin Figures4 (a,b)result
in two piecesof surfacesshowvnin (h), sincethe projections
of thetwo curves,shavn in (c), do not overlap.To createa
singletubethat connectghe two curves,we divide wedge
A in (c) into two smallerwedges,D andE, shovn in (d),
and createa populatedgraph (f) by duplicatingthe nodes
andedgesof wedgeA in the original graph(e) for the two
new wedges.Then,we canmodify the populatedgraphby
addingnodesandedgesasshaown in (g), to form a continu-
ousvolumewith atubular surface,asshavn in (i).

6 Polygonalization

Oncethetopologyof the surfacenetwork is de ned by the
volumegraph,our nal taskis to createtheactualgeometry
Basedon our obsenation in the previous section,we shall
constructpolygonsthat correspondo edgeson the volume
graphconnectinghodesof differentmaterials However, the
abstracstructureof thevolumegraphdoesnot permitdirect
creationof polygonalsurfaces.Our stratgy is to turn the
volume graphinto a concretevolumetric grid from which
polygons(e.g.,trianglesand quads)canbe extractedusing
contouringmethods.

6.1 Planartriangulation

We considettheorthogonabprojectionsof thewedgesonthe

commonplanein Figure3 (c). By applying2D triangulation
for eachregion on the plane,asshavn in Figure5 (a), we

effectively split each3D wedgeinto triangularprisms.Us-

ing the wedgesplitting techniquediscussedn the previous
section,the initial andthe modi ed volume graphin Fig-

ures3 (d,e) are populatedto form volumegrids, a portion

of which is shawvn in Figures5 (b,d) correspondingo the
shadegrismsin Figure5 (a). Notethatthenodesandedges
of eachprismareinheritedfrom the original wedgesn the

volumegraphto which the prismsbelong.

In ourimplementationywe usedthe StraightSkeletontri-
angulationmethodproposedy Aichholzerand Aurenham-
mer[1] andadoptedoy Barequettal. [3] for contourinter-
polation.Notethatwe do notneedto triangulatevedgeA in
Figure5 (a) sinceit doesnot containanedgeon thevolume
graphandhencewill not contrituteto the surfacenetwork.

6.2 Multi-materialcontouring

To extract polygonscorrespondindo edgeson the volume
grid exhibiting a material change,we considerthe multi-
materialDual Contouring(DC) methodof Juetal. [17] for
voxel grids.Givenavoxel grid consistingof cubiccellswhere
everygrid pointis associatetith amaterial theDC method
constructsa surfacenetwork in two steps:

1. Createonevertex for eachgrid cell.

2. Createonepolygonfor eachgrid edgeexhibiting amate-
rial changeby connectingheverticesof thecellssharing
thatedge.

The DC methodguaranteeto partitionthegrid into disjoint
volumesof differentmaterialgn the presencef anarbitrary
numberof materialson the grid, andcanbe easilyextended
to anadaptve voxel grid, suchasanoctree.

To adaptthe DC methodto our volumegrid thathasno
voxelizedstructurewe needto rst de ne threemoretopol-
ogy elementon the volumegrid: columns facesandcells.
First,eachportionof gridsshavn in Figuresb (b,d)is called
a column which consistsof nodesfor all prismssharinga
commonedge.Eachcolumnis centeredat a vertex on the
commonplanesharedby the triangular projectionsof the
prisms.A columnis surroundedy grid faces eachbeinga
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Fig. 5 SurfacepolygonalizationA triangulationof the projectedregionson the commonplane(a), portionsof the volumegrids (b,d) corre-
spondingto the sharedrianglesin (a) createdrom theinitial andmodi ed volumegraphfrom Figure3, andthe surfacegenerateen the grids

(c.e).

closedcycle of grid edgesdetweerntwo neighboringprisms.
For example,the columnsin Figures5 (b,d) aresurrounded
by 7 and11 facesrespectiely. A columnis alsopartitioned
vertically into cells by rings of edgesconnectingnodesof
the samematerial. For example,the columnsin Figures5
(b,d) containoneandtwo cellsrespectiely. In addition,the
cellsin a samecolumnareindexed vertically from bottom
to top. To ensureuniqueindexing, we requirethe ith cell
andthe (i + 1)stcell sharearing of edgesthatcompletely
surroundghe column,suchasthering of edgesconnecting
white nodesbetweerthetwo cellsin thecolumnof Figure5
(d).

Given the de nitions of the topology elementswe are
now in placeto describethe surfacegeneratioralgorithm.
Assumingthetop andbottomplanesonwhichthecurve net-
workslie areatz = 0andz = 1 andthecommonplaneonto
which the curve networks projectedis atz = 0:5, thealgo-
rithm proceedsn two simplesteps,

1. Create one vertex for eachcell on the volume grid.
Theith cell (i =
at the vertex fx; y; 0:5g on the commonplanehave co-
ordinatesfx; y; (2i  1)=2ng. In addition,we createa
pair of pseudoverticesatf x; y; Og andf x; y; 1g for each
column.

2. Createonepolygonfor eachedgeon the volume grid
that exhibits a material change.Thepolygonconnects
the verticesof the grid cells sharingthat edge.For an
edgeat the top (bottom) of a grid column, a quadrilat-
eralis formedby connectingheverticesof thetwo cells
sharingthe edgeandthetop (bottom)pseudoverticesof
thetwo columnssharingthe edge.

Figures5 (c,e) shav the surfacesgeneratedn the grid
columnsin (b,d) usingthis method.Obsenre thatsincever-
ticeswithin a samegrid columndiffer only in theirZ coor
dinatesthepolygonson the 3D surfaceprojectexactly onto
the trianglesin the 2D triangulationshovn in Figure5 (a).
In this sensethe 3D surfaceis createdby lifting the 2D tri-
anglesin space(a similar mechanismwas originally used
by Barequef3] yet restrictedto only simple closedcurves
on eachplane).Next we discussthe two importantproper

tiesof the surfacenetwork thatwe desireto have asoutlined
Sectionl:

Inter polating curve networks To shaw thatthesurfacenet-
work createdoy our methodinterpolateghe curve networks
on the top andbottom plane,we rst notethatthe vertices
of thecurve networks(includingtheintersectiorpointsaug-
mentedduring projection)is a subsebf the pseudovertices.
Our surfacenetwork is connectedo the top (bottom)plane
only at edgesof quadrilateralsconnectingpseudovertices
lying on the boundaryof differentmaterials,which arethe
segmentsof the curve networksonthatplane.

Geometric correctnessObsere from Figures5 (c,e) that
eachgrid edgeexhibiting a materialchangecorresponds$o
a polygonon the surface,while eachgrid faceexhibiting a
materialchangecorresponds$o an edgeon the surface.The
duality resultsin a gap-freesurfacenetwork that partitions
the spaceinto disjoint volumescorrespondingo connected
component®f grid pointsof a samematerial.

To shaw thatthe polygonalsurfaceis alsofree of self-
intersectionswe rst obsere that the only possibleself-
intersectionis betweertwo triangleson the surfaceproject-
ing onto the sametriangle on the commonplane. Yet this
will not take place:supposesuchtwo trianglesare dual to
theith andj th edge(indexed from bottomto top) of asame
prism on the volumegrid with i < j. In every columnthat
containsthe two edgesthegrid cells containingedgei will
always have a lower or sameindex asthe cells containing
edgej . As aresult,avertex in thetriangledualto edgei al-
wayshasaloweror sameZ coordinatewith thevertex (with
thesameX ;Y coordinates)n thetriangledualto edgej .

6.3 Surfacesmoothing

Thealgorithmin the previoussectionproducewerticeswith
uniform spacingin the Z direction, which may resultin a
jaggedappearancevhere polygonsmeetat right anglesas
seenin Figures5 (c,e). To achiare a smootheflooking sur
face while maintaininggeometriccorrectnesswe apply a
simpleLaplaciansmoothingoperatoralongthe Z direction
for every non-pseudwertex v:
P

w2N (v) Wz

2kN (v)k

Vz

VZ=2
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(a) (b)

(© (d)

Fig. 6 First20 cross-sectionsf the mousebrain (only shaving a few) (a), the reconstructedurfacenetwork (b), the surfaceboundingCortex
(c) andOlfactorybulb (d) (the distancebetweersuccessie cross-sectionbave beenexaggeratedor bettervisualization).

wherev, denotesheZ coordinateof vertex v andN (v) de-
noteshesetof edge-adjacemeighbory. Notethatsmooth-

344 minutesand45 secondsaveraging59 seconddetween
two neighboringsectiongseeSection8 for morediscussion

ingtheZ -coordinate®f verticeswill notcauseself-intersectioos performance).

onthesmoothedsurfacesolong asthe monotonicityof cell
orderingis maintainedtheZ coordinateof thevertex of the
ith cell in eachgrid columnis strictly largerthanthatof the
(i 1)stcellin thesamecolumn.

We can further increasethe surface smoothnessy re-
ducing the numberof quadrilateralghat connectthe sur
facenetwork to thecurve networksat pseudovertices.These
quadrilateralsalways lie perpendiculato the input planes

andtheirorientationsarenotaffectedby theLaplaciarsmooth-

ing in the Z direction.An effective strategyy thatwe found
is to move the rst (last) vertex in eachgrid columnto lie
on the bottom (top) plane wheneer possible,so that the
majority of the quadrilateralswill degeneratdo a line and
will notcontrituteto thesurfacegeometryThe nal surface
networks correspondingo the defaultandmodi ed volume
graphin Figures3 (d,e) afterquadremaoving andLaplacian
smoothingareshowvn in Figures3 (f,g).

7 Results

Herewe presentheresultof applyingthe proposednethod
to our motivating applicationfor building a high-resolution
3D modelof themousebrain. A stackof 350tissuesections
of themousebrainwascollectedin Dr. Eicheleslab at Bay-
lor College of Medicine,eachannotatedvith a subsebf 17
majoranatomicategions?. Figuresl (a,b)shav two neigh-
boringsectiondn this stack.

The input curve networks contain 200404 verticeson
350 sectionsandthesecurve networks de ne 18 materials
(17 anatomicakegions plus oneempty space)n total. The
outputsurfacecontains1132731polygonsand590902ver-
tices. The algorithmis implementedn Mathematica(ver
sion 4.0), a numericaland symbolic computationerviron-
ment[27], for robusthandlingof numericalcalculationsus-
ing arbitraryprecisiomumbersThetotalreconstructiomook

! The annotatedregions are: Cortex, Cerebellum Striatum, Basal
Forebrain, Amygdala, Hippocampus Hypothalamus,Thalamus,Ol-
factoryBulb, Midbrain, Pons,Medulla, Ventral Striatum,Globus Pal-
lidus, SeptumFibers,andVentricles.

Figure6 shavstheresultof automaticallyeconstructing
the rst 20 sectionsof the mousebrain. Obsere in (a) that
the interactionbetweenCortex (coloredred) and Olfactory
Bulb (coloredgreen)changesdramaticallyfrom the top to
bottom.Thereconstructedurfacenetwork shovn in (b,c,d)
accuratelymodelsthesecomplex anatomicategionsaswell
astheiradjacenyg relations.

Figures? (a,b) shawv the side and bottom views of the
surfacenetwork automaticallyconstructedisingour method
for theentirestack.Thesurfacenetwork partitionsspacento

anatomicalregionswhosecross-sectionsoincidewith the
annotationon eachof the 2D sections.To betterillustrate
this partitioning, we isolate a complex anatomicalregion,

FiberTracks,in Figure7 (c). As anadwantageof the surface
network representationye cancolorthesurfaceof theFiber
Tracksusingits akutting anatomicalregions. The coloring
revealsthe 3D adjaceny relationbetweenFibertracksand
its neighboringanatomyWe believe thatthishigh-resolution
model representeds surface networks will be helpful for

anatomist@andbrainresearchers.

Dueto the small distancebetweeradjacen2D sections
in themousebrain(i.e.25 m), theautomaticallyconstructed
surfacenetwork possesseasecorrecttopologyin mostplaces.
However, the reconstructedurfacefails to producedesired
topology occasionallywhen there is a large migration of
anatomicafeaturesbetweersuccessie sectionsFor exam-
ple, Figure8 (a) shavs a tubular portion of Ventriclesthat
is brokeninto separatgiecesafterautomatioreconstruction
dueto alargedisplacemenof correspondingnatomicate-
gionson successie sections(again, the surfaceis colored
by its akutting anatomicaktructures)The surfacewascor-
rectedusingthe wedgesplitting techniquediscussedh Sec-
tion 5.1,andtheregeneratedurface,shovn in Figure8 (b),
modelsa continuoustubular structure.In anotherexample,
Figure9 (a) shavs asheet-lile portionof Ventriclescontain-
ing a“hole” (like onein atorus)afterautomatiaeconstruc-
tion. A continuoussheetis recoreredin Figure 9 (b) asa
resultof additionof nodesand edgeson the volumegraph
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Fig. 7 Surfacereconstructiorof the entire mousebrain viewed from side (a) and bottom (b), and the reconstructedriber Tracks(c) colored

usingits neighboringanatomicalegions.

(@ (b)

Fig. 8 Broken piecesof Ventricleresultingfrom automaticconstruc-
tion (a) andaftermanualadjustmentb).

@) (b)

Fig. 9 Disruptedsheetf Ventricleresultingfrom automatiaconstruc-
tion (a) andaftermanualadjustmentb).

asdiscussedn Section5.1. We madell suchtopological
changesn the mousebrain model,and the amountof hu-
maninterventiontime is lessthanonehourin total.

8 Discussion

In this paperwe presenta novel techniquefor building sur

facenetworks from planarcurve networks that often arise
in bio-medicalmodelingapplicationsWhile previousmeth-
odsoftenresultin invalid surfacegeometryor fail to provide
interactionmechanismshe presenteanethodis capableof

creatinga geometricallycorrectsurface network automati-
cally from arbitrary curve networks on parallel planes,and
providing easy e xible meandor userguidedmodi cations
to producedesirablesurfacetopology As an example,we
shov how the methodis appliedto build a high resolution

modelof themousebrainfrom annotate@D tissuesections.

Onedrawback of the methodis that the usershave to
manuallycheckandcorrectinvalid topologiesof therecon-

structedsurface. A major direction for future researchis

thereforeto automatehis processy enforcingcertainrules
on the structureof the volume graph. A simple example
wouldbeto alwaysconnectparticulammaterial(e.g.ablood
vessel)on successie planes.More complicatedexamples
includestracking featurepoints (e.g. pointswherethreeor

morematerialsmeet)on successie curve networks.

While the methodis implementedin Mathematicafor
numericalrobustnessye planto porttheprogramto C/C++
for a signi cant improvementin ef ciency andfor easeof
distribution. To solve the potentialproblemof numericalin-
stability, we planto adopta techniquesimilar to thatin [16]
by discretizingthe verticesin the input curve networks on
a ne integer grid andto use SeparatingAxis theoremfor
intersectiortests.

Finally, while mostcurrentmeshingorocessingechniques
aredesignedxclusively for simpleclosedsurfaceswe plan
to investicatethe extensionof thesemethodsonto a surface
network. For example ,asshavn in Figure7, thesurfacenet-
work exhibitsripplesdueto thedistortionsin theinputtissue
sectionanducedby the physical sectioningprocessMore-
over, thesizeof themeshis too largefor mary applications.
We shall considerasthe next stepadaptingexisting mesh
fairing and simpli cation methodsfrom simple surfacesto
surfacenetworks. In addition, tetrahedralizatiorf the sur
facenetwork is alsoa potentialtopic of research.
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