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Abstract

We reporton distancefields, i.e. 2D or 3D arrayswhich
hold signed/unsigneddistanceto objects/featuresof inter-
estSuchfieldsareapowerful tool for theaccomplishment
of differenttasksin 2D/3Dimageprocessingandanalysis,
computervision,visualizationandgraphics.

1 Distance Transforms

Bruteforcedistancecalculationsareveryexpensive,since
for eachvoxel of thefield thedistanceto thenearestsur-
facepoint has to be evaluatedby inspectingall objects
of the scene. Satherley and Jones[SJ01] reporteddays
long calculationson high-endworkstations.Approximate
techniqueshave beenthereforedeveloped,cumulatively
known asdistancetransforms[RP66], which try to esti-
matethe Euclideandistancein a reasonabletime. Their
mainideais to replacetheglobaldistancecomputationby
a local propagationof distancesin a smallneighborhood.
Theseapproachesrequireseveralpassesthroughthedata.

Chamfer distance transforms, proposed by Borge-
fors [Bor86], issuefrom an assumptionthat the distance
can be computedonly from valuesat neighboringposi-
tions plus a maskconstant. This approachenablespre-
cise computationthe city-block (

���
metrics)and chess-

board (
���

metrics)distances,but canonly approximate
theEuclideandistance(

���
metrics).Therefore,morepre-

cisealbeit slower Vector distance transforms were intro-
duced[Dan80], propagatingalso position of the nearest
surfacepoint. To speedup the computation,the multi-
passmaskpropagationwaslaterreplacedby regiongrow-
ing [Cui97] andlevel-set[Set99, BMW98] approaches.

Traditionally, the distancecomputationissuesfrom a
segmentedbinarydata,wheretheobjectsurfacevoxel po-
sitionsareconfinedto fixedgrid point coordinates.How-
ever, mostly in volumegraphicsapplications,this proved
to bea precisionlimitation (for example,in offsetsurface
computation[BMW98, SJ01]) and thereforetechniques
weredeveloped,propagatingdistancesto surfacesdefined
with subvoxel precision. To computethe field with even
higherprecision,for eachvoxel a correspondingnearest
surfacepoint is recomputed,utilizing informationstored
with its alreadyprocessedneighbors.
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2 Application Areas

Distancetransformsare a powerful tool for the accom-
plishmentof different tasksin 2D/3D imageprocessing
and analysis,computervision, visualizationand graph-
ics [PT92]. 2D fields registeringa signeddistanceto ob-
ject contourswereusedto interpolatesurfacesof theseg-
mented3D objectsin tomographicdata[RU90, HZB92,
JM94]. In [SB93] thetechniquewasextendedevenfor un-
segmentedgray-scaledata. Brummeret at in [BMEL93]
usedthe distancefields to estimatea probability of the
brain tissuepresencein the detectionof brain contours
in MRI data. The distancefields were further used
to create bounding spheresfor the collision detection
in robotics [GS00], to build a skeletal representationof
objectsin colonoscopy and angioscopy [ZKT98, ZT99,
BSB	 00, BKS01], to definea cost function in the regis-
trationof volumetricdatasets[Bor88] andto flattencom-
plex surfaces(a humancolon) by meansof a curvilinear
ray casting[BWKG01].

Distancesand distancefields play a key role in vol-
umegraphics,namelyin objectrepresentation,object-to-
objectsmetamorphosistechniquesand in accelerationof
volumedatarendering.

2.1 Representation of Objects by Distance
Fields

The early voxelization techniquesrepresentedgeometric
objectsin volumetricgrids only by meansof binary val-
ues: one value was selectedfor the object or its sur-
faceand the other one for the background[KS86]. Al-
thoughsuchkind of representationis completelysuitable
for many applications,it is not preciseenoughfor high fi-
delity surfacerendering.Thenatureof theproblemresides
in that in binary voxelizationa discontinuous(andthere-
fore with unboundedfrequency spectrum)inside-outside
function representingthe object is sampledwith a finite
step. The natural solution to the problem seemsto be
the lowpassfiltering of the inside-outsidefunction, intro-
ducedin the Volume-sampled voxelization techniqueby
WangandKaufman[WK93, WK94]. This approachsig-
nificantly improvedtheappearanceof therenditionsof the
voxelizedobjects,but still, sumeproblemsremained:(i)
theobjectdetailsweresmoothedout(manifestedby ashift
of thereconstructedsurfacein theconvex andconcavesur-
faceareas),and(ii) thegradientwasreconstructedwith an
up to severaldegreeshigherror.



An alternativetechnique[Šrá94a, ŠK98], which resides
in registrationof the distanceto the objectsurface,elim-
inatestheaforementionedproblems.Of course,thereare
certainlimits of its applicationto small objectsandhigh
curvaturesurfaces,asit is with all techniquesworking in
thediscretespace,but thisnew techniqueis still up to two
ordersof magnitudemoreprecisethanthefiltering one.

Thedistancefieldswerelaterusedfor theobjectrepre-
sentationby severalauthors.Jones[Jon96] voxelizedand
subsequentlyrenderedtriangularmeshes.Gibson[Gib98]
showedhow thedistancefieldscanbeusedto smoothout
surfacesin the segmentedtomographicdataby meansof
elasticsurfacenets. Breenet al [BMW98, BM99] used
thedistancefieldsto constructoffsetsurfacesfor superel-
lipsoid modelsand to morph different geometricmodel
types(polygonalmeshes,CSG modelsand tomographic
scans)in a single animation[DBM01]. A greatpoten-
tial of the distancefield representationhasbeenrecently
shown in volumesculpting,wheresignificantstepstoward
creationof theso-calleddigital clay wereperformed.Tra-
ditional modelingand sculptingtools, basedon the sur-
facerepresentation(polygonalor parametricpatches)suf-
fer from limitations given by the representation,as, for
example,insufficient versatilityandunintuitiveuserinter-
face.Thesedrawbacksareeliminatedif theobjectsurfaces
arerepresentedby thedistancefield isosurfaces(adaptive
fields[Fri01], two level hierarchies[Bær02]), dueto their
unconstraineddeformationability anda possibility to im-
plementintuitive sculptingoperations(for example,cut-
ting, carving,sawing, spraying).

Theproblemof thediscretespacerepresentationof ob-
jectsis thatonly detailswith certainminimal dimensions
canbe represented.Oneway how to decreasethis mini-
mal dimensionfor the given volumeresolutionis to reg-
ister a modifieddistanceprofile insteadof the plain dis-
tanceitself. In [ŠK99] erfc of thesigneddistanceis used,
whichtogetherwith asuitablereconstructionfilter enables
to decreaseto aboutonehalf thevolumeresolutionwhile
keepingthesamequalityof thedetails.Anotherapproach,
issuing from the hierarchicalrepresentationof the dis-
tancevolume, was presentedby Frisken et al [FPRJ00]
and Bærentzen[Bær02]. Here, the continuousdistance
field is hierarchicallysampled,until acertainhomogeneity
limit or maximalresolutionis reached.This approach,al-
thoughmorealgorithmicalyandcomputationallycomplex
thanrepresentationby regulargrids,thisapproachenables
to representsimultaneouslyobjectswith significantlydif-
ferentdimensions.

2.2 Accelerated Ray-Tracing of Volumetric
Data

In ray tracingcomplex scenesmostof theprocessortime
is spenton the ray-objectintersectiontests[Whi80]. Nu-
merousaccelerationtechniqueswere thereforeproposed
with the aim to minimize the numberof the testsby ex-
cluding from theconsiderationbeforehandall theobjects

for which suchtestfails. Onecategoryof suchtechniques
employs uniform subdivision of the scenespacein vox-
els [FTI86], eachwith a list of relevantobjectsassigned.
The voxels piercedby the ray are then inspectedin the
directionof the ray progressuntil the first intersectionis
found.

Raytracingis apopularrenderingtechniquealsoin vol-
umevisualizationdueto its algorithmicsimplicityandver-
satility: within the sameframework one can implement
different renderingmethods(direct surface and volume
rendering,MIP) both in software and hardware [Pfi00,
MDH 	 01]. Object representationby the distancefields
is similar to theaforementioneduniformsubdivision,with
two basicdifferences:insteadof a list of objects,a single
volumeprimitive is assignedto eachgrid locationandthe
numberof voxelsis typically severalordersof magnitude
higher( 
���
�� andoften even more). In sucha case,even
traversalof theemptybackgroundvoxelssurroundingthe
objectscanbetimeconsuming.

One possibility how to minimize the time spent for
the traversal of the voxels pierced by the ray in large
grids is to identify the emptybackgroundvoxels by seg-
mentationand to gather them in macro-regions, which
canbe thensafelyskipped. Devillers [Dev89] proposed
to build overlappingcuboid regions and to assigneach
backgroundvoxel to one of them. Other authorsused
octreesto build hierarchicalnonoverlappingmacro re-
gions[Lev90, SW91].

Distancesfor theraytraversalspeed-upwerefor thefirst
timeusedby Zuiderveldetal [ZKV92]. After thedataseg-
mentation,a distanceto the objectsurfaceis assignedto
eachbackgroundvoxel by a distancetransform[Bor86].
This information is thenutilized during the ray traversal
by adaptingthe samplingstepaccordingly. The authors
usedthis RADC (Ray Accelerationby DistanceCoding)
schemefor their implementationof thedirectvolumeren-
deringby compositing.A similar proximity clouds tech-
nique was usedby Cohenand Sheffer [CS94] to render
surfacesfrom voxelized data. They observed an uncer-
tainty in the sensethat someimportantnon-background
voxels wereskippedeither. Therefore,in order to elim-
inate this drawback, they proposedto decreasethe dis-
tancesby 1 and to switch the ray traversalalgorithm to
a 6-connectedline generatorin theobjectvicinity.

Both the RADC and proximity cloudstechniquescan
work with different discreteapproximationsof the Eu-
clideandistance.This in not the caseof the Chessboard
Distance (CD) voxel traversaltechnique[Šrá94b], which
issuesexclusively from thechessboarddistance.TheCD
transformdefinesacubicmacro-regionaroundeachvoxel
with its sidesalignedwith the voxel faces. The simple
cubicgeometryenablesfurtheroptimizationsandevenan
extensionof thetechniqueto rectilineargridswith variable
voxel dimensions[ŠK00].
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[Šrá94b] M. Šrámek. Fast surface rendering from
raster data by voxel traversal using chess-
board distance. In Visualization’94, pages
188–195,October17–21,1994.

[SW91] J.SpackmanandP. Willis. TheSMART nav-
igation of a ray throughan oct-tree. Com-
put.&Graphics, 15(2):185–194,1991.

[Whi80] Turner Whitted. An improved illumination
model for shadeddisplay. Communications
of the ACM, 23(6):343–349,June1980.

[WK93] S.W. WangandA. Kaufman. Volumesam-
pledvoxelizationof geometricprimitives. In
Visualization ’93, pages78–84, San Jose,
CA, October1993.

[WK94] S.W. Wang and A. Kaufman. Volume-
sampled3D Modelling. IEEE Computer
Graphics and Applications, 14(5):26–32,
September1994.

[ZKT98] Yong Zhou, Arie Kaufman, and Arthur W.
Toga. Three-dimensionalskeletonandcen-
terline generationbasedon an approximate
minimum distancefield. The Visual Com-
puter, 14(7):303–314,1998.

[ZKV92] K.J. Zuiderveld, A.H.J. Koning, and M.A.
Viergever. Accelerationof ray-castingusing
3D distancetransforms. In Visualization in
Biomedical Computing II, Proc. SPIE 1808,
pages324–335,ChapelHill, NC, 1992.

[ZT99] Yong Zhou and Arthur W. Toga. Ef-
ficient skeletonization of volumetric ob-
jects. IEEE Transactions on Visualization
and Computer Graphics, 5(3):196–209,July/
September1999.


