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ISA and IBFVS: ImageSpaceBasedVisualization
of Flow on Surfaces

RobertS. Laramee,Jarke J. van Wijk, Bruno Jobard,andHelwig Hauser

Abstract— We present a side-by-side analysis of two recent
image spaceapproachesfor the visualization of vector �elds on
surfaces. The two methods, Image SpaceAdvection (ISA) and
Image Based Flow Visualization for Curved Surfaces (IBFVS)
generate dense representationsof time-dependent vector �elds
with high spatio-temporal correlation. While the 3D vector �elds
are associatedwith arbitrary surfacesrepresentedby triangular
meshes,the generation and advection of texture properties is
con�ned to image space. Fast frame rates are achieved by
exploiting frame-to-frame coherency and graphics hardware. In
our comparison of ISA and IBFVS we point out the strengths
and weaknessesof each approach and give recommendationsas
to when and where they are best applied.

Index Terms— Unsteady�o w visualization, computational �uid
dynamics (CFD), surface representation,surface rendering, tex-
tur e mapping

I . INTRODUCTION

UNTIL recently, dense,texture-based,unsteady�o w vi-
sualizationon surfaceshas remainedan elusive prob-

lem sincethe introductionof texture-based�o w visualization
algorithmsthemselves. The classof �uid �o w visualization
techniquesthat generatedenserepresentationsbasedon tex-
tures startedwith Spot Noise [25] and LIC [3] in the early
1990s.The main advantageof this classof algorithmsis their
completedepictionof the�o w �eld while their drawbacksare,
in general,the computationaltime required to generatethe
results, lack of �o w orientation(upstreamvs. downstream),
and applicability to 3D �o w. Two new algorithms,namely,
those introduced by Laramee et al. [14] (named here as
ISA, Image Space Advection) and IBFVS (Image Based
Flow Visualization for Curved Surfaces)by Van Wijk [27]
have recentlybeenintroducedandovercomethe computation
time hurdle by generatinga denserepresentationof �o w on
surfaces at fast frame rates, even for unsteady�o w. ISA
and IBFVS generatedenserepresentationsof �uid �o w on
complex surfaceswithout relying on a parameterization,e.g.,
Figure 1. Traditional visualization of boundary �o w using
texture mapping �rst maps one or more 2D textures to a
surfacegeometryde�ned in 3D space.The texturedgeometry
is thenrenderedto imagespace[24]. Here,wealterthis classic
order of operations.First we project the surface geometry
and its associatedvector �eld to imagespaceand thenapply
texturing.In otherwords,while conceptuallytextureproperties
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Fig. 1. ISA and IBFVS appliedto the �o w simulationdataat the surface
of two intake portssideby side: ISA with the white backgroundandIBFVS
with the gray background.

areadvectedonboundarysurfacesin 3D, in factthealgorithms
realize texture advection in image space.In particular, the
methodshave the following characteristics:They (1) generate
a denserepresentationof unsteady�o w on surfaces(Figure1),
(2) visualize�o w on complex surfacescomposedof polygons
whose number is on the order of 250,000 or more, (3)
can handlearbitrary, complex mesheswithout relying on a
parametrization,(4) supportuser-interactionsuchas rotation,
translation,and zooming while maintaininga constant,high
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spatial resolution,(5) deliver high performance,i.e., several
framesper second,and(6) visualize�o w on dynamicmeshes
with time-dependentgeometryand topology.

We presenta framework thatbothuni�es andcomparesISA
and IBFVS. We identify where the two approachesoverlap
as well as where they separateand discuss the resulting
consequences.We also offer our perspectives on when ISA
and IBFVS are bestappliedand why. The rest of the paper
is organizedas follows: In Section III we provide a joint
modelfor ISA andIBFVS. SectionIV presentsa side-by-side
comparisonof the algorithmsand the resulting overlapping
as well as divergent componentsof their implementations.
SectionV providesapplicationsof the techniqueswhile Sec-
tionsVI andVII comparethe relative performanceandimage
quality of ISA and IBFVS and give some guidelineswith
respectto whento apply the algorithms.Finally, SectionVIII
draws someconclusionsandoutlinesfuture work.

I I . RELATED WORK

Ourwork focuseson texture-basedrepresentationsof unsteady
�o w on complex, non-parameterizedsurfaces.The challenge
of visualizing time-dependentvector �elds on surfaces at
fast frame ratesremainsunsolved in surveys of the research
literature [13], [21], [24]. However, several techniqueshave
beenproposedto successfullyresolve parts of the problem.
In the next two sectionswe describethe two main categories
of approachesfor denserepresentationson surfacesanddense
representationsof unsteady2D vector �elds.

A. Texture-Based Flow Visualization on Surfaces: Object
SpaceApproaches

Previousresearchwith a focuson representationsof thevector
�eld on boundarysurfacesis generallyrestrictedto steady-
state�o w. This is mainly dueto theprohibitive computational
time required.Thesetechniquesgenerallyusean objectspace
approachof generatinga denserepresentationof the �o w.

Someapproachesare limited to curvilinear surfaces,i.e.,
surfacesthat canbe parameterizedusing2D coordinates.The
original Spot Noise paper [25] showed how �o w aligned
texture canbe generatedon parametricsurfaces.Forsselland
Cohen[6] extendedLIC to curvilinearsurfaceswith animation
techniquesandaddedmagnitudeanddirectionalinformation.
Battke et al. [1] describedan extensionof LIC for arbitrary
surfacesin 3D. Mao et al. [18] presentedan algorithm for
convolving solid white noiseon trianglemeshesin 3D space
and extendedLIC for visualizing a vector �eld on arbitrary
surfacesin 3D. Stalling provided a helpful overview of LIC
techniquesapplied to surfaces [24] in 1997. In particular,
a useful comparisonof parameterizedvs. non-parameterized
surfacesis given.

B. 2D, UnsteadyFlow

Much work hasbeendonein order to speedup texture-based
�o w visualization in 2D. Cabral and Leedom[2] presenta
parallel processingimplementationof LIC. Max and Becker
were early to introducethe idea of moving texturesin order

to visualizevector�elds [19]. Heidrich et al. [8] exploit pixel
texturesto accelerateLIC computation.

Jobardet al. introduceda Lagrangian-Euleriantexture ad-
vection techniquefor 2D vector �elds at interactive frame
rates[11], [12]. The algorithmproducesanimationswith high
spatio-temporalcorrelation.Eachstill framedepictstheinstan-
taneousstructureof the �o w, whereasan animatedsequence
of framesrevealsthemotion of a densecollectionof particles
as if releasedinto the �o w. Particle pathsare integratedas
a function of time, referredto as the Lagrangianstep,while
the color distribution of the imagepixels is updatedin place
(Eulerianstep).

ImageBasedFlow Visualization(IBFV) by Van Wijk [26]
is one of the most recentalgorithmsfor synthesizingdense,
2D, unsteadyvector �eld representations.It is basedon the
advection and decay of textures in 2D. Each frame of the
visualizationis de�ned asa blendbetweenthepreviousimage,
distorted accordingto the �o w direction, and a number of
backgroundimagescomposedof �ltered white noisetextures.
Fastperformancetimesareachieved througheffective useof
the graphicshardware.

I I I . METHOD BACKGROUND

Before we describe visualization on surfaces, we present
the framework upon which ISA and IBFVS are built, with
emphasison thesynthesisof densetexturesin two dimensions.
More detailsaregiven by Van Wijk [26].

A. Texture Synthesisin 2D

Supposewe have an unsteady, two-dimensionalvector �eld
����������	�

��� with
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wherethe points .D5 are de�ned by equation(3), and where
M
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! de�nes a blending mask. A typical
valuefor M is 10–20%of the total opacity. Equation5 de�nes
the image generationprocess.By varying K many different
visualization methodscan be emulated.To produce dense
texturesan interpolatedgrid with randomvaluesis used,i.e.,
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anywherefrom 1–10pixels in the spatialdomain.The instan-
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To eachgrid point a randomphasei

S�U V

is assigned.Thevalue
of K

S�U V\[

5 cyclesaccordingto someperiodicfunction de����	 , for
instancea squarewave or a saw tooth. The term �jf denotes
the rateof imagechange.

Theprecedingequationscanbemappeddirectly to standard
graphicsoperations,leadingto a fastalgorithm.The�o w �eld
is representedby a rectangularor triangularmesh.First, the
meshis distortedandrendered,usingtheprecedingimageasa
texturemap.Second,freshink (or noise)is addedby blending
in a polygon,texture mappedwith a scaled,interpolated,pre-
computedpattern.Third, theimageis storedin texturememory
for thenext round.Finally additionalgraphicsarerenderedand
the resultingimageis shown to the user.

B. Texture Synthesisfor Surfaces

Next we considerthe densevisualizationof �o w on surfaces:
ISA and IBFVS. Both techniquesuse a triangular meshas
a geometric representationfor boundarysurfaces.Suppose
that for each vertex Y its position k
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	 is given. Typically, this velocity is a
sampleof a 3D �o w �eld. For simplicity we assumethat this
velocity is con�ned to the surface (possibly by projection),
i.e., �

S�w

q

S

�x% . For the modelsfrom CFD, what is depicted
is the vector �eld just under the surface, extrapolated.The
more generalcaseis discussedby Larameeet al. [15] and
Van Wijk [27].

Givena model,viewing, andperspective transformation,the
meshcanbe projectedon the screen.We denotethis by �zy]�

{

����	 , where �:y is a 2D point on the screenand where
{

denotesthe perspective transformation.We use apostrophes
to denoteprojectedquantitiesthroughoutthe paper. One key
to ISA and IBFVS is the simpleobservation that whensome
property is de�ned and advectedon a surface in 3D space,
equation4 also holds after projection of this surface to the
imageplane,i.e.,
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where (�y is the projection of the surface onto the image
C , and wherewe assumethat pathline . is visible. We use

Fig. 2. A wire frame view of the surfaceof two intake ports showing its
221,000polygonal composition:(left) an overview from the top, note that
many polygonsare cover less than one pixel (right) a close-upview of the
meshbetweenthe two intake ports.

this to de�ne a processfor the synthesisof �o w texture on
surfaces.Two further aspectsmustbe addressed.Firstly, fresh
ink shouldbe addedonly to the projectionof the surfaceand
not to the background.Secondly, a shadedimage C�~
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to be blendedin. For this, we use a separatetexture image
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	 , which is de�ned on exactly the samespaceas the
image C itself, i.e., texturespacecoincideswith imagespace.
The processcannow be de�ned as follows:
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where „ denotesthestrengthof the texturewith respectto the
shading,andwhere ‚ is introducedto constrainthe fresh ink

K to the projectedsurface.Its value is de�ned by
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(11)

where M is de�ned above.

IV. ISA AND IBFVS

In this sectionwe describeISA andIBFVS in detail, starting
with a discussionof why we chosean imagespaceapproach.

A. ParameterSpacevs. ObjectSpacevs. Image Space

One approachto advecting texture properties on surfaces
is via the use of a parameterization,a topic that has been
studiedin depth,e.g.,by Gorla et al. [7] or Levy et al. [16].
Accordingto Stalling [24], applyingLIC to surfacesbecomes
particularlyeasywhenthewholesurfacecanbeparameterized
globally in two dimensions,e.g.,in themannerof Forsselland
Cohen[5], [6]. However, therearedrawbacksto this approach.
Texture distortions are introducedby the mapping between
parameterspaceand physical spaceand, more importantly,
for a large numberof surfaces,no global parameterizationis
available,suchas isosurfacesfrom marchingcubes[17] and
most unstructuredsurfacemeshesusedfor CFD simulations.
Figures1 and2 area examplesof surfacesfor which a global
parameterizationis not easilyderived.

Another approachto advecting texture propertieson sur-
faceswould be to immersethe meshinto a 3D texture. Then
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the texture propertiescould be advecteddirectly accordingto
the 3D vector �eld [22]. This would have the advantageof
simplifying the mappingbetweentexture and physicalspace
andwould result in no distortionof the texture.However, this
visualizationwould be limited to the maximumresolutionof
the 3D texture, thus causingproblemswith zooming. Also,
this approachwould not be very ef�cient in that most of the
texels are not used.Finally, the amountof texture memory
requiredwould exceedthat availableon many graphicscards.

Alternatively, the surfacepatchescan be packed into tex-
ture spacevia a triangle packing algorithm in the manner
describedby Stalling [24] or Carr et al. [4]. However, the
packing problem becomescomplex since CFD meshesare
usuallycomposedof many scalenetrianglesasopposedto the
equilateralandisoscelestrianglesoftenfoundin computational
geometry. For CFD meshes,triangles generally have very
disparatesizes.Many triangleswould have to be packed that
cover less than one texel (cf. Figure 2). In addition, the
problemof advecting texture propertiesacrosstriangleedges
would have to be addressed.To by-passthis, the surfaces
could be divided into patcheswhich could be storedinto a
textureatlas[16]. However, muchcomputationtime would be
spentgeneratingtexelswhich cover polygonshiddenfrom the
currentpoint of view becausepackingdoesnot considerthe
currentviewing projection.

B. Side-by-SideOverview of Both Methods

ISA andIBFVS simplify theproblemby con�ning thesynthe-
sis and advection of texture propertiesto imagespace.Both
methodsprojectthesurfacemeshandassociatedvectordatato
imagespaceandthenapplya seriesof textures.Summarizing,
the methodsarecomprisedof the following steps:

1) associatethe 3D �o w data with the polygons at the
boundarysurface,i.e., a velocity vectoris storedat each
polygonvertex of the surface

2) projecteitherthe associatedvector�eld or the distorted
surfacemeshonto the imageplane

3) advect texture properties according to the projected
vector �eld or the projected,distortedmesh in image
space

4) inject andblendnoise
5) overlay optional visualization cues such as showing

a semi-transparentrepresentationof the surface with
shading

Thesestagesare depictedschematicallyfor ISA and IBFVS
in Figure 3. Each step of the pipeline is necessaryfor the
dynamic casesof unsteady�o w, time-dependentgeometry,
rotation,translation,andscaling,andonly a subsetis needed
for the staticcasesinvolving steady-state�o w andno change
to the viewing parameters.

The ISA and IBFVS implementationpipelinesare shown
side-by-sidein Figure3 in orderto illustrateoverlapanddiver-
gence.Conceptually, the algorithmsshareseveral overlapping
componentssuchasprojectionto imagespace,advectionmesh
computation,texture-mapping,noise injection and blending,
and the addition of shadingor a color map. The main dif-
ferencebetweenthe two methodsis that ISA usesan image-
basedmeshin orderto advectthetextures,whereasthetexture

advection in IBFVS is driven by the original 3D mesh.As a
result,differencesarisestemmingfrom partsof the algorithm
thatuseimagespacevs.objectspace.Thesedecisionsresultin
advantagesanddisadvantagesfor both methods.We examine
eachof thesestagesin moredetail in the sectionsthat follow.

C. Projection, Image vs. ObjectSpace

In order to advect texture propertiesin imagespace,we must
projecteitherthevector�eld associatedwith thesurfaceor the
distortedsurfacemeshcoordinatesto the imageplane,taking
into accountthat thevelocity vectorsarestoredat thepolygon
vertices. Projecting the vector �eld or the advected mesh
coordinatesto imagespacemakes the advectioncomputation
and noise blending simpler, thus ISA and IBFVS inherit
advantagesfrom theoriginalLEA andIBFV, e.g.,simplenoise
blendingandfast framerates.

1) ISA: Image SpaceVector Field Projection: ISA usesan
image spaceapproachthat takes advantageof the graphics
hardware in order to project the vector �eld to the image
plane.A color whose ˆ , K , and ‰ valuesencodethe � , � ,
and Š componentsof the local vectors is assignedto each
vertex of the boundary surface respectively. The velocity-
coloredgeometryis renderedto theframebuffer usingGouraud
shadingin orderto �ll theprojectedtriangleswith interpolated
velocity values.We usethe termvelocityimage (Figure4 top,
left) to describethe resultof renderingthe mesh,with colors
encodingvelocities.The velocity imageis interpretedas the
vector �eld and is used for the texture advection in image
space.

The de-codedvelocity vectorsusedto computethe advec-
tion mesh(SectionIV-D) are then projectedonto the image
plane.In theISA implementation,theprojectionof thevectors
to the imageplane is doneafter velocity imageconstruction
for two reasons:(1) not all of thevectorshave to beprojected
(Sec.IV-D), thus saving computationtime and (2) ISA may
usethe vectorsfrom 3D world spacein order to constructa
velocity mask[14].

The ISA approachyields the following bene�ts: (1) the
vector �eld andpolygonmesharedecoupled,therebyfreeing
up expensive computationtime dedicatedto polygonssmaller
than a single pixel and (2) conceptually, this is performing
hardware-acceleratedocclusion culling, since all polygons
hiddenfrom the viewer are eliminatedfrom any further pro-
cessing.Saving thevelocity imageto mainmemoryis simple,
fast, and easy. On the graphicscard we tested(SectionVI),
reading the framebuffer required less than one millisecond.
We note that a full-resolution read-backof the framebuffer
is not a fundamentalrequirementof ISA, only of its current
implementation.A samplevelocity imageis shown in Figure4
(top, left).

The use of a velocity mask resultsin quantizationof the
velocity �eld. However, our experienceshows that we are
unable to seequantizationeffects resulting from the use of
a velocity image in the ISA implementation.ISA has been
implementedin the framework of a commercialsoftwareand
hasbeentestedon a wide variety of datasetswith velocity
magnitudesvarying by up to threeordersof magnitude.
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Fig. 3. Flow diagramsof the two texture-based�o w visualizationalgorithms,side-by-side.On the left is the ISA pipeline,on the right is IBFVS. The edge
detectionprocessof the original ISA algorithm[14] is not includedin order to highlight the major differencesbetweenthe algorithms.

Fig. 4. The �v e componentimages,plus a sixth compositeimage,usedfor
the visualizationof surface �o w: (top, left) the velocity image (ISA only),
(top, middle) the geometricedgeboundariesdrawn in black for illustration
(ISA only), (top, right) advectedandblendedtextures,(bottom,left) a sample
noiseimage,(bottom,middle) an imageoverlay, (bottom,right) the resultof
the compositedimageswith an optionalcolor map.

2) IBFVS: Object Space Mesh Projection: The IBFVS
methoddeterminesthe new texture coordinatesby projecting
the position of the previous point on a 3D pathline through
a vertex .

S

by the CPU. The 3D vector �eld is usedin the
advectionandintegrationprocessandnot theprojectedvector
�eld. IBFVS is closerto anobject-spaceapproach.That is, for
eachsurfacemeshvertex, its distortedandprojectedquantity
is computedin software.This hastheadvantageof simplicity,
plus no resamplingand interpolation of the vector �eld is
performed.

Additionally, IBFVS avoids someof the disadvantagesof
the ISA approach.Namely, (1) no separatevelocity image
has to be constructed,and (2) it avoids read-backof the
framebuffer, an operationthat can be time consuming.One
disadvantageof the IBFVS approachappearsin the case
of very densemeshes.In this case, many distorted mesh
coordinatesmay be projectedonto the samepixel in image
space,thuscreatingredundantcomputation.Also, coordinates

occludedfrom the viewer are also projectedonto the image
plane.

D. Image vs. PolygonalTexture Advection

After the projectionstage,both ISA andIBFVS computethe
texturecoordinatesusedto advectthetexturesin imagespace.
Both ISA andIBFVS usebackwardcoordinateintegration(in-
troducedby Max andBecker [20]). ISA usestheprecomputed
projectedvelocities �Ny"�
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	 to computethetexturecoordinates:
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WhereasIBFVS determinesthe texture coordinatesusing
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In otherwords,the texture is advectedover the mesh,instead
of moving the mesh with the texture attachedto it. This
approachhas advantagesbecausetexture propertiesare not
pushedoutsidethe geometryand becausethe meshremains
static.

1) ISA: Image MeshTexture Advection: The meshesused
to computethe advectedtexture coordinatesin image space
aredifferent for ISA and IBFVS. This is a centraldifference
betweenthe two approaches.

ISA distortsa regular, rectilinearmeshde�ned in 2D image
space,that conceptuallyoverlaps the velocity image. The
velocities at the mesh vertices are found by a look up in
the velocity image followed by a projection to the image
plane. In this case the texture coordinateslocated at the
backward distortedmeshpositionsare mappedto the mesh
vertices.We can summarizethis as an image meshtexture
advectionapproach.Theresultingtexture-mappingtakesplace
in image space.Some advantagesof using an image mesh
texture advection approachare: (1) no computationtime is
spenton meshpolygonscovering an areaof less than one
pixel, (2) no computationtime is spent computing texture
coordinatesfor occludedpolygons,and (3) the resolutionof
the texture advection remainsconstantduring userzooming.
This is importantbecauseastheuserzoomstowardsanobject,
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theISA approachimplicitly samplesthevector�eld atahigher
spatialfrequency in objectspace.

2) IBFVS: Polygonal Mesh Texture Advection: IBFVS
startswith the original surfacemesh,distortseachvertex in
objectspace,projectsthedistortedvertices,andthenwarpsthe
textureaccordingto theprojectedmeshvertices.Eachvertex is
derivedfrom themeshin objectspace,projectedto the image
plane. We can summarizethis as a polygonal meshtexture
advection approach.The resulting texture-mappingreturns
back to object space.The distorted texture coordinatesare
mappedto the original 3D surfacemeshvertices.

Oneadvantageof thepolygonalmeshtextureadvectionap-
proachis thatthedensityof thepolygonalmeshusedto advect
the texture is the sameas the density of the original mesh.
Hence, in areaswith more detail, more polygonsare used.
Also, theperformancetime of IBFVS couldbeacceleratedby
discardingback-facing polygonsor polygonsfar outsidethe
clipping frustum.

For bothISA andIBFVS, whentheview is changedor when
theobjectis moved,theprojectionof thepatternsis unaltered
in viewing space,hencetheviewer canbrie�y observe thatthe
texturepatternsarenot �x edto thesurface,but residein image
space.For animatedtexturesthe effect is lessstronghowever.
The viewer tends to follow the moving texture properties
insteadof �xing the view to a point in screenspace.

Measurescan be taken to decreasethis effect that stems
from the textures being visually disconnectedfrom the 3D
geometrywhen changingthe viewing direction. First, when
theuserchangestheview, theprojectionof the texturecanbe
changedaswell. Theoriginal IBFVS implementationprovides
the option that the textures in image spaceare translated
accordingto the motion of the mousepointer. This improves
the perceived imagerysigni�cantly for translation,reasonably
for rotation, but not for scaling.Suchan option can also be
addedto an ISA implementation.

Anotherapproachis to stoptheupdateof thetextureimage.
If the calculationof new texture coordinatesand animation
areskipped,the IBFVS algorithmreducesto standardtexture
mapping, using the last generatednoise pattern as a �x ed
texture map. When the user stopsthe manipulation,texture
coordinatecomputationand texture advection animationare
enabledagain.The last patternis usedas a start for the new
animation.This methodworks well for scalinganddragging,
but is less effective for rotation becausesometimesa good
texturemappinghasnot beengeneratedfor occludedportions
of the surface.

For bothISA andIBFVS, whentheview is changed,it takes
a short time before the image or animationstabilizesagain.
With a framerateof 50 FPS,the imagestabilizesin aboutone
half of a second.

E. Edge Detectionand Blending

If we look carefullyat theresultof advectingtextureproperties
in image space,we notice that in somecasesa visual �o w
continuity is introducedwhereit is not desired.A samplecase
is shown in Figure 5. A portion of the 3D geometry, shown
colored, is much less visible after the projection onto the
imageplane.If the �o w texturepropertiesareadvectedacross

Im
ag

e 
Spa

ce

Object Space

Fig. 5. A 3D surfacegeometry(left) is projected,to imagespace(right).
If �o w aligned texture propertiesare advectedacrossthe colored edge,an
arti�cial �o w continuity results.

Fig. 6. A close-upexample of ISA geometricedgedetection:on the left
side,geometricedgedetectionis disabled,on the right sideenabled(ISA).

this edge in image space,also shown colored, an arti�cial
continuity results.

1) ISA: ImageSpaceEdgeDetectionandBlending: To han-
dle this, ISA incorporatesa geometricedgedetectionprocess
that,althoughusingdepthinformationfrom objectspace,can
be implementedin imagespace.During the imageintegration
computation,ISA comparesspatially adjacentdepth values
during one integration and advectionstep.ISA comparesthe
associateddepthvalues,Š�5I7<9 and Šg5 in objectspaceof .�587:9

and .
5 from equation(13), respectively. If

b Š
5I7<9

GŒŠ
5

bn••Ž

w

b .
5I7<9

GŒ.
5

b (14)

where Ž is a thresholdvalue,thenISA identi�es an edge.All
positions,.

5 , for which equation(14) is true,areclassi�ed as
edgeadvection point. Specialtreatmentmust be given when
advecting texture propertiesfrom thesepoints. This process
doesnot detectall geometricedges,only thoseedgesacross
which �o w texture propertiesshouldnot be advected.

Figure 4 (top, middle) shows one resulting set of edges
from the ISA detectionprocess.We term this result an edge
mask. Theedgemaskis createdandstoredduringthedynamic
visualizationcaseandadditionalblendingis appliedduringthe
staticcase.During the edgeblendingphaseof the algorithm,
ISA introducesdiscontinuitiesin the texture alignedwith the
geometricdiscontinuitiesfrom thesurface,i.e.,grayvaluesare
blendedin at the edges.This hasthe effect of addinga gray
scalephaseshift to the pixel valuesalreadyblended.

Someresultsof the ISA edgedetectionandblendingphase
are illustratedin Figure 6. In our datasetsan Ž of 1–2% of
depthbuffer is practical when comparingdepthvaluesfrom
Equation(14). The ISA edgemaskimprovesthe visualization
resultof texture advectionon surfaces.Plus,the imagespace
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Fig. 7. Boundaryin�o w from background.With theredbackground,artifacts
show up moreclearly (IBFVS).

approachtakesadvantageof informationalreadyprovided by
the graphicshardware.However, onedisadvantageof the ISA
implementationis thatit requiresread-backof thedepthbuffer.

2) IBFVS: Object SpaceEdge Detectionand Blending:
Originally IBFVS did not include an edge detection and
blending process(as indicatedin Figure 3, right). However,
we have implementedandexperimentedwith an objectspace
approachthat canbe incorporatedinto IBFVS.

Creatingan edgemaskfor IBFVS canbe doneas follows.
Firstly, silhouetteedgesareidenti�ed. Theseareeitherbound-
ary edgesor edgesbetweena backward and forward facing
polygon.Next, background-coloredlineswith high opacityare
renderedon top of the synthesizedtexture. As a result, the
texture is dimmedandthe arti�cial continuity is diminished.

One advantageof this approachis that it avoids read-back
of thedepthbuffer. Onedisadvantageof this approachis that,
since it is an object spaceapproach,it may have a negative
impactonoverallperformancetime in thecaseof largesurface
meshes.

F. Boundariesand Silhouettes

Anotherproblemwith performingthe texturesynthesisin im-
agespacerelatesto boundaryartifactsin regionsof incoming
�o w. In areaswhereno textureis present,thebackgroundcolor
may blend in. This is illustrated in Figure 7, right. Without
special treatment,geometricboundarieswith incoming �o w
may appeardimmer than the rest of the geometry. This is a
resultof thenoiseinjectionandblendingprocessdescribedin
SectionIV-G. In short, the backgroundcolor shows through
more in areasof incoming �o w becausenot as much noise
hasbeenblendedin theseareas.

1) ISA BoundaryTreatment:The sameedgedetectionand
blendingbene�ts describedin SectionIV-E.1 alsobene�t the
treatmentof incomingboundary�o w. Figure8, left, shows a
surfacemeshfrom a CFD simulationwith incomingboundary
�o w coming in through inlet from the top, right. Note that
the edgeof the inlet appearsdim. Figure 8, right, shows the
sameinlet with ISA edgeblendingturnedon. The boundary
artifacts of the noise injection and blending processare no
longer a distraction.Edge detectionand blendingalso plays
an importantrole while an object is rotating.Without special
treatment,contours in image space becomeblurred when
differentportionsof a surfacegeometryoverlap.

Fig. 8. At the top we seethe inlet of an intake port from a CFD simulation
(ISA). Ontheleft, with noedgeblending,thebackgroundcolorshows through
boundaryareaswith incoming �o w. On the right, with ISA edgeblending,
theseartifactsareno longera distraction.Also, the edgesarecrisper.

2) IBFVS BoundaryTreatment: IBFVS usesa gray back-
groundcolor by default insteadof black(or red).As this color
is closeto the averagevalue of the texture, artifactsare less
visible.This is illustratedin Figure7, left. Arguably, boundary
artifactsherearenotasdisturbingrelativeto theoriginal IBFV.
Firstly, thecontrastof the texture is lessthanwith theoriginal
IBFV and henceerrorsshow up lessclearly. Secondly, near
boundariesandsilhouetteedges,high gradientsin theshading
are common.Theseedgesdraw the attentionof the viewer.
Thirdly, the edgemask describedin Section IV-E.2 can be
addedto reducetheseartifacts.

G. NoiseInjection and Blending

By reducingthe imagegenerationprocessbackto two dimen-
sions,thenoiseinjection andblendingphasefalls in line with
theoriginal IBFV. Theprocessis purely imagebasedfor both
ISA andIBFVS. Namely, animage,C , is relatedto a previous
image, K , by [26]

C

�

.�5

�

?

	D�

M

5I7<9

R Sp•:‘Q�

H…GŒM

	

S

K

�

.65I7

S

�

?>G'Y

	 (15)

where .�5 representsa pathline and M de�nes a blending
coef�cient. Thusa point, .

5 , of an image C
5 , is theresultof a

convolution of a seriesof previous images,K

�����

Y

	 , alongthe
pathlinethrough .

5 , with a decay�lter de�ned by M

�

H�G’M

	

S

.
Figure 4 (top, right) shows a sampleblendedimage ( C )

andFigure4 (bottom, left) shows a samplenoiseimage( K ).
More detailsabout the noise injection processcan be found
in previous work [14], [26].

H. Image OverlayApplication

For both ISA andIBFVS the renderingof theadvectedimage
andthe noiseblendingmay be followedby an imageoverlay.
An overlayenhancestheresultingtexture-basedrepresentation
of thesurface�o w by applyingcolor, shading,or any attribute
mappedto color (Fig. 4, bottom, right). In implementation,
ISA and IBFVS generatethe image overlay following the
vector �eld projection. The overlay is constructedonce for
the dynamic case and applied after the image advection,
edgeblending, and noise blending phases.Since the image
advectionexploits frame-to-framecoherency, theoverlaymust
be appliedafter the advection in order to prevent the surface
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Fig. 9. Uniform densityof texture in imagespace(left, IBFVS) andin object
space(right).

itself from beingsmeared.Figure4 (top, right) shows only the
�o w while Figure4 (bottom,middle) shows only the surface.

I. A PerceptualConsequence:Non-UniformDensity

Oneof theprimaryadvantagesof performingtexturesynthesis
in imagespaceis the gain in performance.However, gener-
ating andadvectingtexturesin imagespacewhile visualizing
objectspacehasperceptualconsequencesasmentionedprevi-
ously in SectionIV-D.2.

For both ISA and IBFVS, the density of the texture is
constantin imagespace.Onecanobject that this is unnatural
anda constantdensityin world spaceseemsmoreappropriate.
There are three situationswhere this is visible. Firstly, the
density does not dependon the orientation of the surface,
i.e., when viewed under an oblique angle the density is the
sameas when viewed perpendicular. Secondly, the density
is independentof the perspective, i.e., surfacesclose to the
viewerhave thesamedensityassurfacesfar away. In Figure9,
two texturedcylindersareshown with �o w alongtheaxis,on
the left with a uniform density in imagespace(producedby
IBFVS), on the right with a uniform densityin surfacespace
(producedby texturemappinga noisepattern).Thedifference
betweentheseimagesis small, and the left image doesnot
necessarilyappearunnatural.

The third situation where this is visible is in the caseof
zooming.With image-basedtexture, the densityof the texture
remainsconstantin imagespace.This is highly advantageous
for visualizationpurposes,but unnaturalfrom a physicalpoint
of view. In therealworld, texture is scaledwhenwe approach
an object and other higher frequency detailsbecomevisible.
With computer-generatedimageryhowever, a uniform density
in objectspacecanleadto unnaturaleffects.Whena textured
surfaceis closeto theviewer, thetextureis scaledstronglyand
appearsblurred, whereassurfaceparts far away have a high
density and usually appearsharp.Although distant textures
may also suffer aliasing artifacts, especially in the caseof
high frequency textures.ISA and IBFVS do not suffer from
thesesuchaliasingartifacts.

J. ISA Texture Clipping and IBFVSTexture Interpolation

In ISA, the resolutionof the quadrilateralmeshusedto warp
the imagecanbe speci�ed by the user. The usermay specify
a coarseresolutionmesh,e.g., H8“j”

� , for fasterperformance

Fig. 10. Theresultof, left, a coarseresolutionadvectionmeshwith artifacts
and, right, the applicationof texture clipping (ISA). The resolutionof the
advectionmeshshown on the left is 32 • 32 for illustration.

or a �ne resolution mesh, e.g., –tH8“

� , for higher accuracy.
However, if the resolutionof theadvectionmeshis too coarse
in image space,artifacts appear. Figure 10, left, illustrates
theseartifactszoomedin on the edgeof a surface.In orderto
minimizethejaggededgescreatedby coarseresolutiontexture
quadrilaterals,ISA appliesa textureclipping function.Subsets
of textured quadrilateralsthat do not cover the surface are
clipped from the visualizationas shown in Figure 10, right.
This can be implementedsimply with the imageoverlay by
assigningunity to theopacitywherever thedepthbuffer value
is maximized,i.e., wherever thereis a greatdepth.

In IBFVS the insertednoisealso has to be clipped to the
projection of the mesh.This is realized by using a texture
mappedrectangleat greatdepth,wherethez-buffer test is set
such that it is only visible when an object is in front. The
previous image is texture mappeddirectly on the 3D mesh,
which sometimesgivesrise to a texture interpolationartifact.
The scan conversion of a triangle involves interpolation of
edges,colors, and also texture coordinates.Hardware offers
the option to interpolate texture coordinatesperspectively
correct. Artif acts becomevisible when large triangles are
renderedwith a high depth gradient.The texture synthesis
processis two-dimensional,assuminga linear interpolationof
texture coordinates.Onesolution could be simply to turn off
perspectively correcttexture interpolation.Anothersolutionis
to useonly small trianglesor to switch to isometricprojection
for close-upviews.

V. APPLICATIONS OF ISA AND IBFVS

For applications,we startwith �o w visualization,the original
impetusfor this work, followed by a discussionof how the
perceptionof surfacescanbe enhancedby addingtexture.1

A. Flow Visualization

Ourvisualizationtechniqueshavebeenappliedto large,highly
irregular, adaptive resolutionmeshescommonlyresultingfrom
CFD simulations.

1) ComputationalFluid Dynamics: Figure 12 illustrates
ISA applied to a surface of the intake port meshshown in
Figure 2 composedof 221K polygons. The intake port is
composedof polygonswith highly varying sizes for which
no global parameterizationis readily available. The methods

1For supplementarymaterial, including MPEG animations,pleasevisit:
http://www.VRVis.at/ar3/pr2/isa-ibfvs/
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Fig. 11. Snapshotsfrom the visualizationof a time-dependentsurfacemeshcomposedof 79K polygonswith dynamicgeometryandtopology(ISA).

Fig. 12. A sideview of the surfaceof an 221K polygonalintake port mesh
(ISA).

hereallow theuserto zoomin at arbitraryview pointsalways
maintaininga high spatialresolutionvisualization.

The methods apply equally well to mesheswith time-
dependentgeometryandtopology. Figure11showsthesurface
of a pistoncylinder with thepistonhead(not shown) de�ning
the bottom of the surface. The methods here enable the
visualization of fuel intake as the piston head slides down
the cylinder. The resulting �o w visualization has a smooth
spatio-temporalcoherency.

2) Meteorological Data: Image-based�o w visualization
also applies to meteorologicaldata. Figure 13, shows the
averagewind stress�eld averagedover more than 100 years
for the month of January. On the left, a map of the world is
shown, and the strengthof the texture is modulatedwith the
magnitudeof stress.On the right, the magnitudeis visualized
via color. Variousfeatures,especiallyvortices,show upclearly.
The usercan rotateand zoom in on the globe and view the
variationof the �o w over the year. Featureslike the monsoon
in India and the circulation around Antarctica are clearly
visible.

Fig. 13. The wind stressover the month of January, averagedover more
than100 years,visualizedat the earth's surface(IBFVS).

3) Medical Visualization: Our algorithms also have ap-
plications in the �eld of medicine. Figure 14 shows the
circulationof blood at the junction of threeblood vessels.An
abnormalcavity hasdevelopedthat hinderstheoptimal distri-
bution of blood.ISA andIBFVS have alsobeenappliedto the
visualizationof surfacetopology [27] and isosurfaces[15].

B. SurfaceVisualization

The renderingof surfacescan be considereda visualization
problem.Interranteet al. have presenteda variety of methods
to visualizesurfaceshapebasedon differentialgeometry[9].
They have shown how valleys and ridgeson the surfacecan
be detectedandemphasizedby lines [10]. They have studied
how texture, aligned with principal directions, can aid in
understandingsurfaceshape[7]. We have studiedif ISA and
IBFVS canbe usedfor this purpose.

We can modulatethe strengthof the texture with respect
to the shadingand modulatethe color of the surface. The
resultsgive theimpressionthata dirty surfacehassuper�cially
been cleaned(Figure 15). A more detailed discussionand
furtherexamplesof surfacevisualizationareillustratedby Van
Wijk [27].

VI . PERFORMANCE AND IMAGE QUALITY

We have implementedboth ISA andIBFVS in the samesoft-
wareapplicationin order to facilitatecomparisonof the two.
Our implementationis basedon OpenGL1.1.Performancefor
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Fig. 14. Medical visualization:blood �o w at the surface of the junction
of threeblood vessels.Stagnantblood �o w may occur within the abnormal
pocket at the junction (ISA).

Fig. 15. A texture modulatedwith respectto shadingandcolor (IBFVS).

both ISA and IBFVS was evaluatedon a PC with an Nvidia
980XGL Quadrographicscard,a 2.8 GHz dual-processorand
1 GB of RAM. The performancetimes reportedin Table 1
enableinteractive exploration of unsteady�o w on surfaces.
Triangle strips and OpenGL display lists were employed to
acceleratethe framerates.

For comparingrelative performance,we usethe following
notation: — denotesthe number of polygons containedin
the object spacemesh, ˜ denotesthe effective numberof
polygonsusedby ISA in the imagemesh,and ™ indicatesa
constanttime factor. For ISA, ˜ is a function of the (image
space) texture advection resolution and the percentageof
imagespacecoveredby theobject.More precisely, ˜

�1lj�

š$› ,
where l��

š is thetextureadvectionmeshresolutionand › is the
percentageof imagespacecoveredby the surfacemeshafter
rendering.In our test casesshown in Table 1, we covered
about75% of imagespace,with the exceptionof the cooling

jacket [14], which coversonly 39% of imagespace.
The�rst timesreported(in Table1) in theFPScolumnsare

for thestaticcasesof steady-statevisualizationandtheabsence
of changesto the view point. The timesshown in parentheses
indicate the dynamic casesof unsteady�o w and interactive
zooming and rotation illustrated in Figure 3. We include
geometricedgedetectionin the ISA frame ratesreportedin
Table 1. It doesnot introducesigni�cant overheadsinceit is
easilybuilt into the ISA advectionprocess.

data no. of IBFVS ISA adv. ISA
set polys FPS meshres. FPS

œ\•Ÿž

64 (38)
ring 10K 64 (49)  �¡�¢

ž

64 (20)
(Fig 4) ¡�£

œ ž

31 (7.5)
£8 �¡

ž

14 (2.7)
combustion

œ\•Ÿž

64 (38)
chamber 79K 56 (38)  �¡�¢

ž

64 (18)
(Fig 11) ¡�£

œ ž

30 (7.5)
£8 �¡

ž

15 (2.7)
intake

œ\•Ÿž

64 (13)
port 221K 13 (3.0)  �¡�¢

ž

64 (10)
(Fig 12) ¡�£

œ
ž

30 (5.3)
£8 �¡

ž

15 (1.9)
cooling

œ\•Ÿž

64 (15)
jacket 228K 13 (2.7)  �¡�¢

ž

64 (13)
( [14]) ¡�£

œ
ž

47 (8.0)
£8 �¡

ž

20 (3.1)

TABLE I

SAMPLE FRAME RATES FOR THE ISA AND IBFVS VISUALIZATION

ALGORITHMS.

Stage ISA IBFVS
DynamicCase:
projectvector �eld ¤ ¤

computetexture coordinates ¥ ¤

StaticCase:
texture mapmesh ¥ ¤

inject andblendnoise ¦ ¦

save imageto texture memory ¦ ¦

renderimageoverlay ¦ ¦

TABLE II

THE PERFORMANCE DEPENDENCY OF EACH STAGE OF THE ISA AND

IBFVS PIPELINES: ¤ INDICATES THE NUMBER OF POLYGONS IN OBJECT

SPACE AND ¥ INDICATES THE NUMBER OF POLYGONS IN IMAGE SPACE.

Table2 shows for eachstepthe dependency on thenumber
of polygons — in the original mesh and the number of
polygons̃ of theimagemeshusedby ISA. Theperformance
time of IBFVS dependslinearly on — for both the static
and dynamiccase.For the dynamiccase,projectionsfor all
verticeshave to be calculatedandupdatedtexturecoordinates
must be sent to the GPU, leading to a signi�cantly lower
performancein the dynamiccase.

For ISA, the performancedependslinearly on — and ˜

for the dynamiccase,but only on ˜ for the static case.As
a result, we see that again the dynamic casehas a lower
performance.For the static case, ISA outperformsIBFVS
when ˜ §P— , i.e., when using coarseimage meshesfor
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small polygon meshes,or when the original polygon meshes
are larger than ¨ 200K polygons.

In general,the image quality of ISA and IBFVS is very
similar. Figure1 shows a side-by-sideimagequality compar-
ison of the two methods.For ISA, the image quality also
dependson the resolution of the user-controlled advection
mesh.Resolutionsof H8“j”

� ––tHI“

� aregenerallyof high quality
with a drop-off at ©jª

� at meshedges(Figure16). In thecaseof
ISA, we recommendthe userexplore the datasetat ©�ª

� – H8“j”

�

advection meshresolutionsand changeto “4–�©n« ––QH8“

� when
higheraccuracy is required,suchas for presentations.

Fig. 16. ISA with differentadvectionmeshresolutions:top-left: £8 �¡

ž

, top-
right: ¡�£

œ
ž

, middle-left:  �¡�¢

ž

, middle-right:
œ\•

ž

, bottom-left: a close-upof
an edgeat £8 �¡

ž

, bottom-right:a close-upof an edgeat
œ\•

ž

. Resolutionsof
£8 �¡

ž�¬

¡�£

œ
ž

are virtually indistinguishablewhereasat
œ\•

ž

, image quality
candegrade.

VII . DISCUSSION AND CONCLUSIONS

The choice of whetherto apply ISA or IBFVS dependson
the complexity of the model. For surface visualization like
that shown in Figure 15, IBFVS is a good choice.Polygons
generallycover several pixels in imagespaceandthe amount
of computationtime per-pixel is low. For visualization of
�o w on large meshessuch as Figure 12, ISA is a good
choice.For thesemeshes,many polygonscover less than a
pixel and many polygonsare occluded.ISA avoids spending
computationtime on thesepixels. Also, in termsof software

development,IBFVS is generallyeasierto implementbecause
it is a morestraightforward extensionof IBFV.

We alsopoint out that ISA andIBFVS aremuchfasterthan
previous attemptsto depictboth steadyandunsteady�o w on
surfacesusing texture synthesis.This includes the previous
work by ForssellandCohen[6] to extend LIC to curvilinear
grids,Battke et al. [1] to extendFastLIC to arbitrarysurfaces,
and Mao et al. [18] who extend LIC to arbitrary triangular
mesheswith steady-state�o w. In addition,we have not seen
muchwork in the areaof texture-based�o w visualizationon
surfacesin generalsincethe introductionof UFLIC (Unsteady
Flow LIC) by ShenandKao [23] in 1998,which alsouseda
parameterization.

One open questionconcerningthe performancetimes of
ISA and IBFVS arisesin the caseof programmablegraphics
hardware.In thecaseof surfacesthealgorithmsmight beeven
fasterif they did not usethe meshverticesfor warping, i.e.,
if they useda velocity imageas per-pixel texture coordinate
offsets,even thoughdependenttexture readsare slower than
default texture mapping.There is however at leastone good
reasonfor not choosingthis routeandthat is namelyportabil-
ity. ISA andIBFVS do not rely on proprietaryprogrammable
graphicshardware and thus are not bound to any speci�c
graphicscard.

VI I I . SUMMARY AND FUTURE WORK

We have presenteda side-by-sidecomparisonof two novel
techniquesfor texturesynthesisof unsteady�o w on boundary
surfaces.We have identi�ed where ISA and IBFVS overlap
andwherethey diverge.We alsoidentify the relative strengths
and weaknessesof eachapproachand offer our views as to
where the methodsare bestapplied.The algorithmssupport
visualizationof �o w on arbitrarysurfaces,at over 60 FPSin
many cases.ISA andIBFVS supportexplorationandvisualiza-
tion of �o w on large, unstructuredpolygonalmeshes,andon
time-dependentmesheswith dynamicgeometryandtopology.
While the vector �elds are de�ned in 3D and associated
with arbitrary triangular surface meshes,the generationand
advectionof texture propertiesis derived in imagespace.

Dense�o w-alignedtextureson surfaces,generatedat high
speed,areusefulfor many applicationareas.In theapplication
sectionswe have presentedexamplesfor �o w visualization,
medical visualization, meteorology, and for more general
surfacevisualization.

Future work can go in many directions including visual-
ization of unsteady3D �o w, somethingwe expect to see
soon. Challengeswill include both interactive performance
time and perceptualissues.Future work also includes the
applicationof morespecializedgraphicshardwarefeatureslike
programmableper-pixel operationsin themannerof Weiskopf
et al. [28].
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