
Hardware-AcceleratedVisualization of Time-Varying 2D and 3D Vector
Fields
�

by Texture Advection via ProgrammablePer-Pixel Operations

Daniel
�

Weiskopf MatthiasHopf ThomasErtl

Uni
�

versityof Stuttgart,Institutefor Informatics
V
�

isualizationandInteractive SystemsGroup
Breitwiesenstr. 20–22,70565Stuttgart,Germany

Email: ������	�

���������������������
������������ 
!�"�#�$�%�&���'�(*)� +��,�-�&�)�&�&�.
%�#�&/(�0�1

Abstract
2
W
3

e presenthardware-acceleratedtexture advection
techniques
4

to visualize the motion of particlesin
steadyor time-varyingvectorfieldsgiven on Carte-
sian grids. We proposean implementationof 2D
te
4

xtureadvectionwhichexploits advancedandpro-
grammable5 texturefetchandper-pixel blendingop-
erations6 on an nVidia GeForce 3. For 3D vec-
tor
4

field visualization,we presentan algorithmfor
SGI’s VPro, basedon pixel texturesand 3D tex-
tures.
4

Moreover, we sketch how 3D texture ad-
v7 ection could be implementedon future graphics
boards
8

thatprovide programmablefetchoperations
for
9

3D textures. Sinceall implementationsexclu-
sively usegraphicshardwarewithout intermediate
data
:

transferto mainmemory, extremelyhighframe
rates; areachieved,e.g.,up to 90 framespersecond
for
9

advectinga calculatorynumberof onemillion
particles< in a 2D flow. Theproposedtechniquesare
especially6 usefulfor theinteractive visualizationof
v7 ectorfields.

1 Intr oduction

The visualizationof 2D and 3D vector fields has
been
8

investigatedandusedin variousscientificand
engineering6 disciplinesfor many years.Typical ap-
plications< stemfrom simulationsin computational
fluid dynamics,calculationof physicalvectorfields,
suchaselectromagneticfieldsor heatflow, or from
measurements= of actualwind or fluid flows.

As flow visualizationhasa long tradition, vari-
ous> techniquesexist to visuallyrepresentsteadyand
unsteady? vector fields. Among the standardtech-
niquesfor flow visualizationis the classof meth-
ods> basedon particle tracing, such as pathlines,

streamlines,streaklines,or ribbons. The problem
of> placing seedpoints for particle tracing at ap-
propriate< positionsis approached,e.g.,by employ-
ing
@

spotnoise[18, 4], LIC (line integral convolu-
tion)
4

[2, 16], texture splats[3], texture advection
[12, 11], equallyspacedstreamlines[17], or flow-
guided5 streamlineseeding[19]. Thesetechniques
wereA originally designedto visualizesteadyflows.
Someof thesemethodswereextendedto allow for
time-v
4

aryingvectorfields,e.g.,with respectto LIC
[7, 15] or spotnoise[5].

All
B

theseapproacheshave in commona dense
representationof the vector field. Therefore,they
areexpensive to compute,especiallywhenusinga
high-resolutioncomputationaldomain. The main
topic
4

of thispaperis to show how textureadvection
canC be simulatedandvisualizedentirely on graph-
ics
@

hardware,thusallowing interactivevisualization
of> high-resolutionunsteadyvector fields given on
Cartesian
D

grids.To achieve thisgoal,weexploit the
programmable< graphicspipelineof state-of-the-art
lo
E

w costgraphicsboards,suchasnVidia’sGeForce
3. Thevisualizationof 3D flows is basedon SGI’s
VPro,
�

which supports3D textures and pixel tex-
tures.
4

In previouswork, Heidrichet al. [8] proposethe
use? of graphicshardware for flow visualizationby
LIC. Basedon this approach,Jobardet al. [9] use
per< -fragmentoperationsto implementtexture ad-
v7 ectionon graphicshardware. Someof their ideas
are adoptedfor the visualizationmethodsof this
paper< . Therefore,we comparetheir approachwith
ours> anddescribeadvantagesanddisadvantagesof
the
4

differenttechniquesin Sect.5. Both Heidrichet
al.’s andJobardet al.’s algorithmsarerestrictedto
2D vectorfields. In Sect.4, however, we show how
hardware-acceleratedvisualizationof 3D flows can
be
8

implemented.

VMV
�

2001 Stuttgart,Germany, November21–23,2001



The remaining parts of this paper are orga-
nized as follows. In the next section, a math-
ematical6 descriptionof the Eulerian approachto
particle< tracing—theunderlyingmodel for texture
advection—ispresented,includinga schemeto nu-
merically solve sucha texture advection problem.
In Sect.3, hardware-accelerated2D flow visualiza-
tion
4

on a GeForce 3 is described. It is followed
by
8

analgorithmfor 3D flow visualizationbasedon
SGI’s VPro. Section5 containssomeresultsanda
discussion
:

of thevisualizationtechniquesof thispa-
per< . Finally, Sect.6 concludeswith abrief summary
andoutlookon futurework.

2 Eulerian Approachto Particle Trac-
ing

The
F

standardapproachto particle tracing is a La-
grangian5 approach.Here,eachsingleparticlecan
be
G

identified individually, i.e., labeled in some
sense,and the propertiesof eachparticle are de-
termined
4

dependingon time t. In the following
discussion
:

of the Lagrangianapproach,a particle
is
@

identified and labeledby its position Hr0 I U JK n at an initial time t0. The underlying vector
spacehas dimensionnL , where nL usually? is 2 or
3. The computationaldomain is denotedU . In
the
4

caseof particle tracing, the properties—such
ascolors—canbesubsumedby a function M whichA
does
:

not changeduring time for a specificparticle,
i.e.,
@

we have the time-independentproperty func-
tion
4 N

LagrangianOQPr0 R t SUTWV LagrangianXQYr0 Z . The trajec-
tory
4

of a singlemasslessparticle is determinedby
the
4

ordinarydifferentialequation

d
: [
r \ t ]
d
:
t ^

_
v` aQbr c t d�e t f g

whereA hr i t j describes
:

the path of the particle andk
v` lQmr n t oqp U rts n represents; the vector field to be
visualized.7 Thetime t alsoparameterizesthepath-
line
E

of theparticle.Therefore,positionsat arbitrary
times
4

t andt1 alongthe trajectory ur v t w of> a particle
arerelatedby theintegral equation

x
r y t z|{~}r � t1 ���

� t

t1 �v
` �Q�r � t ����� t ��� d: t � � (1)

From a Eulerianpoint of view, the property � is a
function of position �r and time t, as opposedto a
functionof time for a fixed particlelabeledby �r0 in
the
4

Lagrangianapproach.Theobserver is locatedat

afixed position �r andmeasureschangesof � causedC
by
G

the fact that different particlescrossthat posi-
tion.
4

As the propertydoesnot changefor a specific
particle,< we have ���Q�r � t �������Q r0 ¡ t0 ¢ in the Eule-
rian approachif the spacetimepositions £Q¤r ¥ t ¦ and§Q
r̈0 © t0 ª belong

G
to the pathlineof the sameparticle,

cf.C Eq.(1). For acontinouslydifferentiableproperty
function,
9

we finally obtaintheadvectionequation«­¬�®Q
r̄ ° t ±²
t ³µ´v` ¶�·r ¸ t ¹»º½¼

¾À¿�ÁQÂ
r Ã t Ä
Å 0

Æ Ç
Since È is not even continuousin our particletrac-
ing
@

applications,wedonotsolvetheaboveequation
b
G
ut directly apply Eq. (1) to propagateÉ through

4
time.
4

All methodsbasedon textureadvectionhave
this
4

approachin common,cf., thework by Max and
Becker [11], Heidrichetal. [8], or Jobardetal. [9].

To tacklethe advectionproblemon a computer,
the
4

initial value problemfor the differential equa-
tion
4

(1) hasto besolved numericallyandtheprop-
erty6 function Ê hasto be discretized.The simplest
methodto solve an ordinarydifferentialequationis
the
4

so-calledEulerintegration[13], which yieldsË
r Ì t ÍÏÎ t Ð
Ñ~Òr Ó t Ô»Õ×Ö t Øv` Ù�Úr Û t Ü�Ý t Þ ß

Here, an integration backward in time by a time
spanà t á 0

Æ
is carriedout. The function â is dis-

cretizedC onaCartesiangrid, bothspatiallyandtem-
porally< . We employ the notation ãåäæ

i
to
4

describea

samplingof ç at an indexed positionèi éëê n andan
inde
@

xed time ì . Weidentify íïîð
i ñóò­ôi õ jö in

@
the2D case

and ÷�øù
i úüû­ýi þ jö ÿ k in

@
the3D case.Without lossof gen-

erality6 , indexed positionsandphysicalpositionsare
related; by �r ��� r

�
i, where � r is

@
the grid spacing.

The
F

sameholdsfor the time t ���
	 t. Analogously
to
4 �
��

i
, thediscretizedversionof theflow field is de-

noted� �v` ��
i
.

Combining
�

a discretegrid for � withA Euler inte-
gration5 for particlepositions,we obtainthefollow-
ing
@

numericalschemeto propagatea solutionfrom
time
4 ���

1 to � :�
��
i � Lookup

� � �"!$# 1; %i &(' s) *v` +,
i - . (2)

withA the integrationstepsize / s) 021 t 354 r. On the
right hand side of this equation,an interpolated
lookup in 6"7$8 19

i
hasto be performed,sincethe pre-

vious7 positionof a particle,:i ;=< s) >v` ?@
i
, is usuallynot

identical to a grid point. In the 2D casebilinear
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interpolationis employed, in the 3D casetrilinear
interpolation.By usingan integrationbackward in
time,
4

the propertyfield D"EF
i

is completelyfilled for
the
4

new timestep;in contrast,someelementsof this
field could bemissedif a forward integrationfrom
the
4

previous time stepwas applied. For the imple-
mentationof advectionon graphicshardware,tex-
tures
4

representthe datagrids, thusproviding hard-
wA aresupportfor bi- or trilinear interpolation.

Sinceall computationsin our approachareper-
formedon Cartesiangrids,no explicit referenceto
positions< is made. Positionsaretemporarilycom-
puted< only in the intermediatestepfor the interpo-
lated
E

lookupin GIH$J 1K
i

, but thesearenotstoredin any
grid5 structure.Thatis animportantdifferenceto the
te
4

xtureadvectionapproachesin [11, 8, 9].
In the remainingpartsof this paper, we will de-

scribehow to implementthis numericalschemeon
OpenGL-basedgraphicshardware.Both2Dand3D
casesC arediscussed.

3
L

Hardware-Based2D TextureAdvec-
tion

Our implementationof 2D texture advectionheav-
ily relies on programmableper-pixel operations
pro< vided by nVidia’s GeForce 3. The simulation
andrenderingof textureadvectionis basedon stan-
dard
:

OpenGL 1.2, with the following extensions
[10] being included: texture shadersand register
combinersC for theactualadvectionprocess;rectan-
gular5 textures,whichrelaxthepower-of-twodimen-
sionsrequirementsfor 2D textures;andpbuffersfor
hardware-supportedoff-screenrendering.

3.1 BasicAdvection

The
F

basicideaof the algorithmis asfollows. The
property< field MONP

i
is representedby a 2D imagethat

is
@

normally held in a 2D texture and,only during
intermediate
@

calculations,in the framebuffer. The
computationalC domainis determinedby the extend
of> the imageand hasto be rectangular, sincetex-
tures
4

arerectangularaswell. The numberof com-
ponents< in thatpropertytexturedependsonthetype
of> application;normally, we usethreeRGB values
per< grid point. Thevectorfield QvR ST

i
itself is storedin

a two-component2D textureTv.
The core of the advection algorithm usesa de-

pendent< texturelookupin orderto shift theparticles

vU

Initialize property field T

Load flow to texture T

t = 0
V W

via offset texture T via dot product texture T
Lookup in TLookup in TX

v vU Y

while t<tmax

Draw border

i

Z iUpdate texture T   or T[
Render quad with 4 TRender quad with T\ \

Next time step t = t +   t]

Inject particles

Figure
^

1: Structureof the 2D texture advectional-
gorithm._

alongthevectorfield. Figure1 shows a schematic
diagram
`

of the advection process;default opera-
tions
a

arecontainedwithin solid lines, optionalop-
erationb in dashedlines.First, thetextureTc holding

d
the
a

propertyfield e"fg
i

is
h

setto its initial values;sim-
ulationi time t andthecorrespondingvaluefor j are
setto zero. The following stepsarerepeatedwhile
increasing
h

thetimeby k t for
l

eachnew cycle.

In this loop, the propertyfield for the new time
step m is computedaccordingto Eq. (2). Two dif-
ferentmethods—offset texturesanddependentdot
productn textures—canbeusedto implementthebi-
linear
o

lookup in the propertytexture for the previ-
ousp timestep.Thesetwo methodswill beexplained
shortly. Thenew propertygrid is first renderedinto
the
a

framebuffer andthencopiedback into the tex-
ture
a

Tq , thusreplacingthe informationon the pre-
viousr time step. Copying from framebuffer to tex-
ture
a

memorytakesplaceonly on thegraphicsboard
andis not sloweddown by a limited bandwidthbe-
tween
a

graphicssubsystemandmainmemory. This
laststepmayevenberemoved completely, as soon
as direct renderinginto texture memory is possi-
ble,
s

which hasalreadybeenimplementedfor Di-
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rect3D.1 Pbufferscanbeusedfor all thesecompu-
tational
4

steps.In this way, the computationalparts
arecompletelyindependentof visualrepresentation
on> thescreen;in particular, avisualwindow smaller
than
4

thecomputationaldomainmaybeused.
For a steadyflow, the simulationprocessis es-

sentiallyidentical;only the textureTv is
@

initialized
withA thevectorfield dataonce.Therefore,a recur-
rent; transferof texture datafrom main memoryto
the
4

graphicssubsystemis not necessary.
Offset texturesand dependentdot product tex-

tures
4

are part of the texture shaderextensionthat
pro< videsprogrammabletexturemappingwithin the
rasterizationstage. A sequenceof texture shaders
allows a very flexible mechanismfor mappingsets
of> texturecoordinatesto theactualtexture.

An
B

offset texture program transforms signedw
ds
x y

dt
x z

componentsC of a previous texture unit by
a 2 { 2

|
floatingpointmatrixandthenusestheresult

to
4

offsetthetexturecoordinatesof thecurrentstage
for
9

a 2D texture fetch operation. Figure 2 shows
a diagramof the offset texture process.This pro-
cessC containstwo texturefetchoperations.Thefirst
stepcomprisesa lookup in an offset texture based
on> texture coordinates} s~ 0 � t0 � . An offset texture—
alsocalledDSDT texture—isa specialtype of 2D
te
4

xturewith two componentsdescribingthedistor-
tion
4

of coordinatesin the successive texture fetch
from
9

an RGB texture. A third, optional compo-
nent� canbe suppliedto determinea scalingof the
final RGB colors. In the secondstep,a dependent
te
4

xture lookup in a standardRGB texture is per-
formed.
9

Here,anotherpair of texture coordinates�
s~ 1 � t1 � is

@
modifiedby thepreviously fetchedoffset

v7 alues.Eachcomponentof thefinal RGB triplet is
scaledby afactorM

� �
k
�

scalema� g � k
�

bias
� , wherema� g

is given by theoffsettextureandk
�

scaleandk
�

bias
� are

parameters< constantduring the whole texture pro-
gram.5

Offsettextureprogramshave aone-to-onecorre-
spondenceto the iterationequation(2). The prop-
erty6 field �
��

i
correspondsC to a standardRGB texture

(if � hasthreecomponents),the flow field �v� ��
i

corC -
respondsto the offset texture, ����� s~ � canC be rep-
resentedby a uniform scalingvia a 2 � 2 matrix.
Thetexturecoordinates� s~ 0 � t0 � and � s~ 1 � t1 � areiden-
tical
4

and reflect the indexed position �i. The com-
putational< domain is implementedby renderinga

1W
 

e decided not to use Direct 3D in order to develop a
platform-independent¡ code.

(s ,t )0 0
¢ (s ,t )1 1

(R,G,B)(ds,dt),  mag
DSDT tex

RGB tex

mult
matrix scale

bias

Figure2: Dependenttexture lookup via offset tex-
ture.
4

singlequadrilateralwith thetexturecoordinatesset
in a way to representthe cornerpointsof the do-
main. By usingoffset texture programs,the basic
advectionprocessis implementedin a singlepass.
Then,this part of the framebuffer hasto be copied
back
G

into T£ , so that incrementalintegrationcanbe
continuedC in the next time step. Note that all cal-
culationsC for the shifted,dependenttexture lookup
aredonein floatingpointaccuracy internallyon the
graphics5 chip andthusaccuracy is not restrictedto
the
4

resolutionof color channelsin theframebuffer.
In addition,we proposeanother, alternative ap-

proach< to this basicadvectioncalculationbasedon
dot
:

producttextures. Onceagain,we exploit a de-
pendent< texture lookup. However, it consistsof
three
4

stepsthis time. In thefirst step,a signedRGB
te
4

xture containing the 2D flow field is accessed,
whereA texturecoordinatesarechosenthesameway
as above. The RGB texture containsthe ¤ v� x¥ ¦ v� y§ ¨
v7 ector in the first two components,the blue value
is
@

setto 1. In the secondstep,the first coordinate
ux¥ for
9

a dependenttexture lookup is computedvia
a dot product.Here,the texturecoordinatesareset
to
4 ©�ª�«

s~ ¬ 0Æ ­
x® domain̄ , with x® domain correspondingC to

the
4

x® coordinateC of thecomputationaldomain. Af-
ter
4

having executedthedot product,thecoordinate

ux¥ ° ±�²�³ s~ ´ 0Æ µ
x® domain¶�·¹¸ v� x¥ º v� y§ » 1¼½ x® domain ¾(¿ sv~

x¥
is exactly the x® componentC of the previous particle
position.< In the third step,anotherdot product is
computedC to obtain uy§ . Here, the texture coordi-
nateshave to be set to À 0Æ ÁÃÂ�Ä

s~ Å yÆ domainÇ . Still in
the
4

third textureprogramstage,thenew coordinatesÈ
ux¥ É uy§ Ê areusedfor a dependenttexture lookup in

the
4

2D RGB textureTË . This approachis normally
notusefulfor 2D visualizationbecauseit needsone
moretexturestagethantheoffset-textureapproach.
However, the3D extensionof producttextureswill

ÌBÌBÍ



become
G

interestingfor 3D flow visualizationasde-
scribedin Sect.4.1.

As we areworking with fixed-pointarithmetics
in texturememoryandtheframebuffer for bothap-
proaches,< we have to assumethat Îv� ÏÐ

i Ñ ÒÔÓ
m� Õ m� Ö n,

for someextremevaluem� . So we canfully utilize
the
4

value resolutionof the vector field texture by
stretching×v� to

4
theusedtexturedomain.Thenthein-

te
4

grationstepsize Ø s~ hasto beadaptedto compen-
satethisscalingduringtheiterationstep,Eq.(2).

Finally, thepropertyfield for thenew timestepis
actuallydrawn to screenby renderinga quadrilat-
eral6 equippedwith thetextureTÙ .

3.2 Tracing DistinguishableStructur es

Texture advectioncanreadily be appliedto the vi-
sualizationby themotion of larger, distinguishable
structuresthrough the flow. A prominentvisual-
ization
@

techniquefor time-varyingflows arestreak-
lines.
E

Thesecanbe generatedby settingvaluesof
the
4

propertyfield Ú"ÛÜ
i

at a specifiedstartingposition
of> thestreaklinefor eachtime step.Steaklinespro-
vide7 anintuitiveunderstandingof theflow structure
asthey resembledyeadvectionusedin classical,ex-
perimental< fluid mechanics.Dye injectionwas also
used,? e.g.,by Shenetal. [14] andJobardet al. [9].

Analogously, texture advection allows for
streamlinesby injecting dye while the vectorfield
is held constantin time. Pathlinesdo not easilyfit
into ouradvectionapproachbecauseolderpositions
of> a particle are discardedduring the incremental
update? of thepropertyfield.

Ho
Ý

wever, the conceptof “short pathlines” can
be
G

implementedwithout any additional rendering
pass.< Here, not the current property field TÞ is
used? to texture thequadrilateralin thefinal output.
Ratherthe propertyfields for the latestnß path¡ time

4
stepsare added,yielding moving, short segments
of> pathlines.Up to four texturescanbe fetchedon
a GeForce3 in a singlerenderingpass;thesestex-
tures
4

arethenblendedvia registercombiners.This
methodsyieldsLIC with a limited kernel.

Note
à

that streaklines,streamlines,andpathlines
areidenticalfor steadyflows.

3.3 Noise-BasedApproach

Another techniquebasedon texture advection ap-
plies< noisetexturesto visualizea vectorfield. The
essential6 differenceto the previous dye-injection

techniques
4

is the useof a noise texture as initial
input for the propertyfield Tá . Therefore,a noise-
based
G

approachcaneasilybeincorporatedin thead-
v7 ectionalgorithm.

This
F

approachis investigatedin detailby Jobard
et6 al. [9]. They proposeseveralextensionsto basic
te
4

xture advection in order to improve imagequal-
ity andspatialand temporalcorrelation. First, the
use? “edgecorrection”to allow for a continuousin-
flow of noiseat the bordersof the computational
domain.
:

Secondly, they propose“noise injection”
to
4

maintaina constantnoisefrequency even for a
flow with positive flow divergence. Thirdly, they
implement“noiseblending”to enhancespatialcor-
relationalongapathlinesegment.Theseextensions
couldC be integratedin our advectionapproachsim-
ilarly. In particular, noiseinjectioncouldbeimple-
mentedwithoutany additionalrenderingpass,since
a noisetexture canbe accessedin anothertexture
stageandXORedvia registercombiners.

3.4 RandomParticle Injection

Another variation of texture advection employs a
randomly distributed injection of particles, thus
combiningC theideasof theprevioustwo techniques.
These
F

particlesareaddedby drawing randomlydis-
trib
4

uted and coloredpoints into the propertyfield
during
:

eachiterationstep,similarly to dyeinjection.
By
â

increasingthe“inflow” andadaptingthesizeof
ne� w particles,onecangraduallyadjustthe visual-
ization
@

from beingratherdye-basedto beingrather
noise-based,� i.e., from a sparseto a denserepresen-
tation
4

of thevectorfield.
Due
�

to a continuousinflow of additionalparti-
cles,C theimagetendstoconvergeto awhiteimagein
the
4

long termlimit. Therefore,a continuous,large-
scaledissipationof particleshasto beemployed. Its
implementationis describedin the following sub-
section.

3.5 ContinuousDistrib ution of Outflow

In Sect.3.1, a third, optional componentma� g for
of> fset textures and a correspondingscaling of fi-
nal� RGB colorsby a factorM

� ã
k
�

scalema� g ä k
�

bias
�

is
@

mentioned. By settingk
�

bias
� å 0,

Æ
ma� g æ 1, and

choosingC a valuelessthanonefor k
�
scale, a uniform

dissipation
:

of particlescanbeimplemented.
However, the ma� g componentC canbe usedin an

e6 venmoreflexible way. By adjustingthispartof the
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of> fsettexture,agradualandlocally controlleddissi-
pation< canbeimpressed.Thisfeaturecanbeusedto
mimic arbitrarily shapedoutflow regionsinsidethe
computationalC domainor to fadeout lessimportant
parts< of theflow field,suchasregionswith smallve-
locity. Onceagain,this variantof textureadvection
comesC without any additionalrenderingpass.

4 Extensionto 3D Texture Advection

4.1 AdvectionBasedon TextureShaders

Unfortunately
�

, 3D textures are not yet supported
on> GeForcegraphicsboardsin hardware,although
the
4

y arepartof standardOpenGL1.2.Nevertheless,
correspondingC operationsandadaptedtextureshad-
ing operations(éëê ìëíïîðìòñðóëí ôëõëöø÷ëíëóëù )

ú
haveal-

ready; beenspecifiedby nVidia. Sincewe expect
this
4

functionality to be available soon, we give a
brief
G

sketchof how the2D algorithmfrom thepre-
vious7 sectioncouldbeadaptedto 3D flowsandwhat
e6 xtensionswould berequiredfor doingso.

First,
û

both the computationaldomainaswell as
the
4

vectorfield have to beextendedfrom 2D to 3D.
This
F

is trivial for thevectorfield; just a 3D texture
withA threecomponentshasto be employed instead
of> a 2D texture. The extensionto a 3D computa-
tional
4

domainis easy, as long asthe propertyfield
is storedas3D texture. As the framebuffer is only
2D, the intermediateresultshave to be storedas
2D data. Here,we adoptthe standardapproachof
equidistant6 parallelslicesto samplethewhole vol-
ume.? The new propertyfield containedin a slice
is
@

written backinto thecomplete3D textureby us-
ing
@ üøýëþëÿ����������
	�����
����ëü������

, thus allowing an
incremental
@

updateof this 3D propertyfield. Other
than
4

in 2D flow advection,two versionsof theprop-
erty6 texturehaveto bestoredto separatesideeffects
during
:

theiterationof Eq.(2).
Unfortunately
�

, offset textures are restricted to
2D.
|

In orderto adaptthisapproachto 3D flow visu-
alization,3D offsettextureswouldberequired.An-
other> approachcould be basedon 3D dot product
te
4

xtures,analogouslyto thedescriptionof dotprod-
uct? textureprogramsin Sect.3. Thebasicalgorithm
couldC beasfollows.

In the first texture shaderstage, the data for�
v� x¥ � yÆ y§ � 1� is fetchedfrom a 3D texture. This tex-

ture
4

is identicalto theflow field, exceptfor theblue
componentC setto 1. The secondstagefetchesdata

for � v� z� � 0Æ � 1� from anothermodified flow dataset.
In the next two stages,dot productsarecalculated
for shiftedtexture coordinatesux¥ anduy§ , basedon
the
4

flow datafrom thefirst stage.Thetexturecoor-
dinates
:

are ���! s~ " 0Æ # x® domain$ and % 0Æ &('!) s~ * yÆ domain+ ,
respectively. Anotherdot productoperationduring
the
4

fifth stagecancalculateuz� by
G

usingtextureco-
ordinates> ,�-!. s~ / 0Æ 0 z1 domain2 andflow datafrom stage
tw
4

o. Still in thefifth textureprogramstage,thenew
coordinatesC 3 ux¥ 4 uv 5 uz� 6 areusedfor adependenttex-
ture
4

lookup in the 3D texture holding the property
field for the previous time step. Unfortunately, the
currentC GeForce3 doesonly supportup to four tex-
ture
4

stages.Therefore,this algorithmwould work
only> on improved chip setswith at leastfive texture
stages.Sincethe gamingindustrydemandsan in-
creasedC numberof texture stages,we areconfident
that
4

thisdeficit will beovercomesoon.
T
F

exture-basedvolumerendering[1] canbeeasily
combinedC with the 3D texture advection approach
in
@

orderto renderthepropertyfields.Evenmoread-
v7 ancedtexture-basedvolumerenderingtechniques
[6] couldbeappliedto achieve ahigh imagequality
on> thatkind of consumergraphicshardware.

4.2 AdvectionBasedon Pixel Textures

A
7

variant of the above algorithm can be imple-
mented= on SGI’s Octane2 workstationswith VPro
graphics5 pipesin orderto demonstratethat texture
advectionis notrestrictedto nVidia chipsets.SGI’s
systemdoes not support texture shadersbut the
similar, yet not as powerful conceptof pixel tex-
tures.
4

This techniqueallows RGB color valuesin
the
4

framebuffer to beinterpretedas3D texturecoor-
dinates
:

for atrilinearly interpolatingtexturelookup.
As pixel texturescanonly be appliedon imag-

ing operations,thetemporarilycomputedpositions
have to be explicitly written into the framebuffer,
before
G

usingthemastexturecoordinatesin thepixel
te
4

xture lookup step. Unfortunately, standardtex-
ture
4

modulationoperationsarenotasflexibleastex-
ture
4

shadersor registercombiners,thusthe frame-
b
G
uffer pixels representingthe position information

have to becreatedby renderingtwo quads.For the
first quad,the colors 8 0Æ 9 0Æ : z1 ; , < 1 = 0Æ > z1 ? , @ 0Æ A 1 B z1 C , andD
1 E 1 F z1 G areassignedto thefour vertices,with z1 be-

G
ing thecurrentslicenumberscaledto H 0Æ I 1J . Using
Gouraudshading,this effectively leadsto frame-
b
G
uffer colors that would createan identity map-

ping< for K . While drawing this first quad,the vec-
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tor
4

field texture is applied,using N�O�P�Q�R�R modula-
tion.
4

The looked-uptexture valuesarefirst scaled
by
G

2mS s
w and biasedby T mU s

w in order to lift the
te
4

xture color valuesto the intendedvector range;
wV denotes
:

the size of the vector field texture in
one> direction. The post-filter scaleand bias op-
eration6 is, again,an SGI specificOpenGLexten-
sion. As the valuesare clampedbefore modula-
tion,
4

no signed adds are possible. Therefore,a
secondquad has to be drawn, this time without
addedprimary color, but scaledand biasedwith
ne� gated values and blendedinto the framebuffer
withA W�X�Y�Z�[�\�]�Y�^�_�`�_�^�a�_�Y�ab[�c�d�^be�]�d .

No
f

w the framebuffer holdsthe positionsfor the
next timestep,encodedin colorvalues.Thelookup
canC beperformedby copying theregion onto itself
withA the pixel texture enabled.Finally, the slice is
to
4

be copiedback into its 3D texture as with the
pre< viousapproach.

5
g

Resultsand Discussion

Figures
û

3–5 show examplesof 2D flow visualiza-
tion
4

basedon the algorithmsfrom Sect.3. In all
e6 xamples,the sizeof the computationaldomainis
10242 andthesizeof thevectorfield is 5122. Fig-
ure? 3 shows thevisualizationof a 2D circularflow
via7 streaklines.Reddye is permanentlyinjectedat
three
4

fixedpositions.Despiteusingonly Eulerinte-
gration,5 theresultingstreaklinesare(almost)closed
to
4

circles. With the chosentime step,a complete
circleC needsapproximately620 integration steps.
The
F

dyegraduallysmearsoutdueto animplicit dif-
fusion
9

process. This issueof texture advection is
causedC by bilinearinterpolationin thepropertytex-
ture
4

of theprevioustimestep.
This
F

problemcanbeovercomeeitherby noisein-
jection,
h

or by addingnew, randomlydistributedpar-
ticles,
4

asshown in Figure4. A uniform dissipation
absorbsthis constantinflow of particlesandspatial
correlationC is enhancedby usingshortpathlines.

Figure
û

5 shows the visualizationof a 2D flow
arounda rod by using randomlyinjectedparticles
and short pathlines. In a sphericalregion around
the
4

center, a continuousdistribution of particleout-
flow with graduallychangingdegreeof dissipation
is employed.

Thesethreeexamplesweregeneratedon a Win-
do
:

ws PC with an Athlon 650 MHz CPU and a
GeForce3 board.In all examples,thetime for one

iterationof texture advection,including the update
of> thepropertytextureTi , is 11 msec,correspond-
ing to a framerateof 90 fps. For the completevi-
sualizationprocess,including the final display on
a 8002 windoA w, 37 fps areachieved. The render-
ing speedis reducedto 21 fps if theunsteadyvector
field is transferredfrom mainmemoryto thegraph-
ics
@

subsystemin every integrationstep.

Figure 6 shows an exampleof 3D flow visual-
ization by usingrandomlyinjectedparticles.Both
the
4

3D cylindrical vector field and the computa-
tional
4

domainhave dimensions1283; texture-based
v7 olume renderingusesapproximately380 slices.
The
F

implementationrunson anSGI Octane2 with
R12000
j

CPU(400MHz) andVPro(V8). Thecom-
putation< of textureadvectionrunsat9 fps,thecom-
plete< visualizationprocess,including volume ren-
dering,
:

runs at 4 fps on a 3202 windoA w. We find
that
4

the injection of randomlydistributedparticles
is
@

especiallyusefulin 3D flow visualization,asthe
density
:

of the vector field representationcan be
gradually5 adjustedto achieve anappropriate,semi-
transparent
4

rendering.

Note
f

thatour methodsfor 2D and3D texturead-
v7 ectiongreatlybenefitfrom time-dependentvisual-
izationin interactive environmentsbecausethemo-
tion
4

of particlescanbe fully recognizedonly here
b
G
ut not in staticimages.

An advantageof our 2D texture advectionalgo-
rithm is anextremelyhighsimulationandrendering
speed.Thismethodbenefitsfrom avery simpleap-
proach,< which allows to advect a texture by draw-
ing a singlequadrilateralin only asinglepass.Fur-
ther
4

visualizationfeatures,suchasshort pathlines
or> continouslyvarieddissipationof particlescomes
withoutA any additionalrenderingpass.Transferring
intermediate
@

databack into a texture is fast,since
all operationstake place entirely on the graphics
board.
G

Thelimiteddepthof acolorchanneldoesnot
restrainthe accuracy in the calculationof particle
positions< becauseonly differencevectorsarestored
astextures;new absolutecoordinatesarecomputed
andusedonly within the texture stagesof the ren-
dering
:

pipeline, whereall computationsarebased
on> floating-points.

Con
�

verselytopreviouswork,suchasby Heidrich
et6 al. [8] or Jobardet al. [9], we usea completely
Eulerianapproachandimplementation.At no part
of> the renderingpipeline,particlepositionsareex-
plicitly< storedin the framebuffer or a texture; our
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approachneedsonly texturesfor computationaldo-
mainitself andtheflow field. Moreover, weneglect
someof the imageenhancementstepsproposedby
Jobard
m

et al. [9]. Therefore,the implementation
is very simple and requiresonly one real render-
ing pass,apartfrom readingresultsbackto texture
memory. In thisway, e.g.,weachieve90 fps for ad-
v7 ectinga10242 te

4
xtureasopposedto 2 fps for 2562

te
4

xture with Jobardet al.’s implementation(on an
Octane1 with EMXI graphics).

F
û

or the implementationof 3D textureadvection,
pix< el texturesand 3D textureson SGI’s VPro are
used.? Here, one indirection step writing particle
positions< into the framebuffer is requiredbecause
pix< el textures can only be applied during image
copC y processes.Hence,the accuracy of computa-
tion
4

of particlepositionsis an issue. With a color
depth
:

of 12 bitsperchannelavailable,sufficient ac-
curacC y is achieved for moderatelysizedvolumes,
suchas1283.

6 Conclusionand Futur e Work

W
3

e have presentedvery fast,hardware-based,and
simple-to-implementmethodsto visualize2D and
3Dunsteadyvectorfields.Wehavedevelopedanal-
gorithm5 for 2D flows, basedon consumergraphics
hardw
n

are,andfor 3D flows, basedon SGI’s VPro.
W
3

ethink thatthesetechniquesareespeciallyuseful
for
9

interactive adhocvisualizationof flows.
In
o

futurework,wewill focusonextensionsof the
3D approach—inparticular, on thenext generation
of> consumergraphicshardware.
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Figure 3: Visualization of a 2D circular flow�
v� x¥ � v� y§ ����� yÆ �(� x® � . Reddye is permanentlyinjected

at threefixed positions,yielding a visualizationvia
streaklines.

Figure4: Visualizationof a 2D circular flow, based
on� randomlyinjectedparticles.Shortpathlinescom-
prising� thelast four integrationstepsareusedto en-
hancespatialcorrelation.A uniform dissipationab-
sorbstheconstantinflow of particles.

Figure5: Visualizationof a 2D flow arounda rod
by
�

usingrandomlyinjectedparticlesandshortpath-
lines.
�

In a sphericalregion aroundthecenter, a con-
tinuous
�

distribution of particleoutflow with gradu-
ally varyingdegreeof dissipationis employed.

Figure 6: Visualizationof a 3D cylindrical flow,
based
�

on randomlyinjectedparticles.

D.
�

Weiskopf, M. Hopf, Th.Ertl: Hardware-AcceleratedVisualizationof Time-Varying2-D and� . . . � (p. 439)
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