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Abstract

In this paper% we propose% a techniquefor visualizingsteady& flo
'

w.
Using this technique,we( first con) vert* the

+
v, ector* field

-
data
.

into
/

a
scalarlev, el-set* representation.Wethen

+
analyzethe

+
dynamic
.

behav-,
ior andsubsequentdistortion

.
of le
0

vel-setsand1 interactiv, ely* monitor2
the e* v, olving structuresby meansof3 texture-basedsurfacerender-
ing. Ne

4
xt,5 we combine) geometrical6 andtopological

+
considerations)

to deri
.

ve a1 multiscale2 representation7 and to implement
/

a1 method
for theautomaticplacement% of3 a sparseset& of3 graphicalprimiti% v, es
depictinghomogeneous

8
streamsin

/
thefields.Using

9
theresultingal-

gorithms,we( hav, ebuilt a1 visualization, systemthat
+

enables* us: to ef-
fectively* displaythe

+
flo
'

w directionand1 its
/

dynamicse* venfor
;

dense
.

3D fields.

Keyw< ords: Flow( V
=

isualization,
/

Level-Sets,* Feature
>

Extraction,
?

MultiscaleRepresentation,Te* xtureMapping

1 Introduction and Related W
@

ork

Visualizing v, ector field
-

data
.

is challengingbecauseno e* xisting
naturalrepresentationcan) visually, con) ve* yA large6 amounts1 of3 three-

+
dimensionaldirectional

.
information.In fluid flow( e* xperiments,ex-

ternalmaterials2 suchas1 dye,
.

hydrogenb
B
ubbles,or heat

8
ener* gy are

injectedinto theflow.C Theadv1 ection* of3 theseexternalmaterialscan)
createstreamlines,streak& lines,or3 pathlines to

+
highlight
8

theflo
'

w(
patterns. Analogues

D
to these
+

e* xperimentaltechniques
+

hav, e been
B

adoptedby scientific& visualizationresearchers.Numericalmeth-
odsandthree-dimensionalcomputer) graphicstechniques

+
ha
8

ve* been
usedto

+
producegraphicaliconssuch& as1 arrows,( motion particles,%

streamlines,
0

streamribbons,7 and stream& tubesthat
+

act1 as1 three-
+

dimensionaldepth
.

cues.While thesetechniques
+

are1 ef* fecti
;

v, e in re-7
vealingthe

+
flow( fields’ local features,the

+
inherenttwo-dimensional

displayof thecomputerscreenand1 its
/

limited
0

spatialresolution7 re-7
strict the numberof3 graphical6 icons that can) be

B
displayedat1 one3

time.
Additional
D

techniquesfor
;

flow field visualization, include
/

global
imagingtechniques.

+
Crawfis andMax [5, 6] proposed% direct v, ol-3

ume renderingmethodsto createimages
/

of entire* vector fields.
Vector kernels and te

+
xture splats are used: to construct three-

+
dimensionalscalarsignalsfrom thevectordata.VanW

E
ijk [28] pro-%

poseda Spot
F

Noisemethod2 using: stretched& ellipses* to create) two-
dimensionalte

+
xturesthat

+
canbe

B
mappedontoparametric% surf& aces.1

Max et� al.[17]
G

further
;

utilized the spotnoiseH method2 to
+

visualize,
three-dimensionalvelocityfieldsnearcontoursurf& aces.1 Cabraland1
Leedom[3] presented% a1 Line Integral Con

I
v, olution3 (LIC) method,

which mak2 esuseof3 a1 one-dimensional3 low( pass% filter to
+

conv, olv3 e*
aninputte

+
xturealongtheprincipal% curv) es* of the

+
vectorfield. Based

on this idea,
/

a numberof3 relatedtechniques
+

have been
B

proposed,%
which attempt1 to

+
optimize3 the LIC methodin termsof3 computa-

tional costand1 imagequality,J to visualizeflow( over surfaces,and,
mostrecently,J to+ visualize3D

K
flo
'

w in a1 v, olume[23,9
L
, 1,22,

M
13,21].

Thesemethodscansuccessfully& illustratetheglobalbehavior, of
vectorfields; ho

8
we( v, er* ,J it is

/
dif
.

ficult when( usingsuch& methodsto
effectively control stream& line

0
density
.

in a way1 that depictsboth
B

thedirection
.

structureof3 the
+

flow andtheflow magnitude.Further-
more,becauseof thetremendousinformationdensitythey produce
and their inherent

/
occlusionef* fects,

;
LIC
N

methodshav, e* difficulty
effectively visualizing3D flow( fieldsglobally.C

One
O

approach1 to
+

o3 v, ercome* theselimitations is to
+

interacti
/

v, ely
but manuallymodify2 therenderable7 representation7 in orderto

+
high-
8

light the
+

interestingstructures& [19]. Althoughvisually, pleasantre-
sultscanbe

B
achie1 ved* by

B
exploiting5 hardware-accelerated3D

K
te
+

xture
mapping,in particular% for large-scalev, ectorfieldsit is difficult us-
ing this

+
approachto detect

.
the relev, ant1 structureswithout( e* xplicit

knowledge( concerning) the underlyingflow.C Regardlessof the
+

in-
herentinteractivity, ,J this

+
approach1 doesnot guarantee,6 in general,6



thatthe
+

characteristicflow( featuresare1 found.
A dif
.

ferent
;

approachis to inspect
/

the
+

flo
'

w( field
-

in
/

orderto de-
.

tect andanalyze1 critical) points[11]. In this approach,1 topological
+

skeletons,which( are1 defined
.

by those
+

stream& linesstartingata1 crit-)
ical point in

/
the
+

directionof3 the
+

eigenv, ectors,areextracted5 anddis-
played.Althoughthese

+
techniquesprovide, an1 effective* tool to

+
de-
.

terminethe topologicalequi* v, alence1 of3 dif
.

ferent
;

flo
'

ws, they some-
timesdonotyieldA anintuitiv, e* analysisof3 the

+
principal% streamsand

their direction.
Othertechniquestry to

+
reduce7 the

+
primitiv, es* used: to

+
depict
.

the
+

structureof the flow( in sucha w( ay that the resultstill sufficiently
representsthe

+
original3 data. While

E
in [26] streamline placement

in 2D flows( is guidedby
B

visual, attributes,in [14] e* v, enly-spaced*
streamlines

0
aregeneratedbased

B
on3 a1 distancecriterion) but: with-

out e* xplicit consideration) of3 the flo
'

w topology
+

. On the contrary) ,
the main concern) of the

+
work3 presented% in [10, 25] is to

+
effec-

tively* simplify& the
+

underlyingdata
.

without( lossof3 relev, ant1 infor-
mation.In general,6 howe( v, er,J thesehierarchicaltechniques

+
are1 local

in that theyA usually: consideronly thev, ector* field
-

in
/

the
+

geometric
neighborhoodaroundeachposition,% but do notH take into account1
theglobalstructureof theflow.C

In
P

this paper,J we( present% a noH vel approachfor the
+

analysisand
display of stationary& vector field data,

.
which includesef* fectiv, e*

techniquesfor the classification,segmentationand smoothing& of
flow( fields. Rather

Q
thananalyzingthe

+
flow( field as1 such,we first

-
convert it into ascalarfield andthenanalyze1 thespatialandtempo-

+
ral ev, olution3 of le

0
vel-setsor3 time

+
surfacesin this field. In

P
particu-

lar, we sho& w how to obtainthe
+

flow dataat ever coarserresolution
by dispersing

.
small& disturbancesacross1 the

+
time surf& aces.1 In ad-1

dition, we introduce
/

tw
+

o3 beneficialextensions5 of3 3D te
+

xture-based
iso-surface1 rendering,which( allow for the

+
simultaneousdisplay

.
of

multiple, two-sidedlightedsurfacesandtheirdynamics
.

usingcolor
tableanimations.

The
R

goalof our approach1 is tw
+

ofold: to
+

obtainbetter
B

visualiza-,
tion of3 the

+
underlyingstructures& by

B
automaticallyplacing% a1 sparse&

setof graphical6 primitives* depicting
.

homogeneousstreamsin the
+

flow( and to
+

generatea multiscalerepresentation,7 which( pro% vides
improv, ed* methodsfor particle% tracing.

+
In the latter case,) the

+
fo-

cuslieson3 de
.

velopingan1 ef* fectiveschemethatallo1 ws( one3 to
+

obtain3
accurateparticle% traces

+
but with( fewer( total

+
integrationsteps.&

The remainderof this
+

paperis organized6 as1 follows.( First, we
introducethe

+
basicidea

/
of3 converting the v, ector* field

-
data
.

into
/

a
lev, el-set* representationanddescribeour extensionsfor interactiv, e*
displayof3 multiple level-sets* via 3D

K
te
+

xtures.W
E

e* thenproposean1
explicit scheme& for the

+
smoothingof flow fields and1 demonstrate

how( to automaticallyselectandplace% the graphicalprimitiv, es* de-
.

pictinghomogeneousstreams.& Weconcludewith( a1 detailed
.

discus-
.

sionof3 resultsillustratingour3 approachapplied1 to realdatasets.&

2 FlowS Surfaces

In fluid
'

dynamics,flo
'

w( surf& ace1 techniques
+

ha
8

ve becomeimportant
/

to the inv, estigationof3 the dynamics
.

of vectorfield data. A flow
surfacecan be seen& as1 a variationof path lines in

/
non-stationaryH

flows( wherese& veral* linesarejoined
T

to
+

form a surface.A dense
.

set&
of particlesis releasedinto the

+
flow,J and1 their

+
subsequent& positions,

aswell as1 the
+

distortions
.

of theso-definedsurfaces,1 aremonitored.2
In computationalflow visualization,, techniques

+
for simulating&

different kinds
U

of flow( surfaces1 ha
8

ve been
B

de
.

veloped* in the past%
[12, 27,4].

G
In its mostgeneral6 form, flow( surf& aces1 are1 simulatedby

B
placingan1 initial surf& ace1 in the

+
flow( andthenby

B
successively mov-

ing all v, ertices* defining
.

the
+

surf& ace1 within( constant) interv
/

als1 along1
the integral6 curv) es* of3 theflow.C The integral6 curvesemanatingat1 a1
giv, en* positionare1 thesolutions& to theordinary3 differential

;
equationVXWZY\[^]

_a`cbedgf\hjilknm (1)

with initial boundary
B

condition) oZprqts^uwvyx{z .C Here, |Z}r~n� denotes
.

the position% of3 a1 particle% at1 time
+ �

, and �g�\���l�n� represents7 the in-
/

stationaryv, elocity* field. Notice in
/

particular that this technique
+

canbee* xtendedto thestationary& case,) in whichatime-independent
velocity field

-
is
/

considered) andits inte
/

gral6 curv) es* are1 defined
.

with(
respectto

+
anyA otherparameterization.

In general,flow( surfacescanbeplaced% everywherein theflow;
howe( ver* , without( lossof3 generalitylet

0
us: assumethatparticles% are

initially releasedat the inflow( boundariesand1 at1 every source& into
all possible% directionsof thevelocityat1 that

+
source.& Thus,thee* volv-

ing surf& aces1 formedby
B

connectingparticlesat time
+ �n�

containall1
positionswithin( the

+
domain
.

that
+

canbe
B

reachedfrom a1 sourcein
thattime.

+
In
P

otherwords,3 an1 yA particle% that
+

is
/

released7 from
;

thissur-
face1 andtra

+
verses* its integral curve backw

B
ard will( reacha1 source

or the
+

boundary
B

of thedomain
.

in that time. We will subsequently&
call these

+
kinds of3 particles% anti-particles� ,J andthis particularkind

U
of flow( surf& ace1 thetimesurface" .

A particulartime surf& acein a1 flow( is describedby the
+

implicit
equation���r���������������t� , where� is

/
thetime theanti-particlere-

leasedat position% (���l����  )
¡

requiresto reacha1 sourceor the
+

bound-
B

ary.C Therefore,a1 time
+

surfacecan) becomputedeitherby distorting
.

theinitial
/

surface1 with respectto
+

theflo
'

w field
-

or3 by
B

computing) the
scalarfunction ¢ for all necessarypositionsandby fitting thesur& -
face1 usingtraditional

+
techniques.The

R
first
-

approach1 has
8

two major2
limitations: that it requiresthe generation6 anddisplay of3 a1 large
numberof3 primiti% ves,andthat the

+
generatedsurf& aces1 are1 likely* to

+
becomenon-manifoldandpotentially% self-intersect.& In

P
comparison,

thesecond,& implicit approach,which( will( beoutlined3 in thefollow-(
ing sections,& hasv, arious1 adv1 antages.1

2.1
£

Level-set¤ representation of¥ time
¦

surfaces§
We aim1 to constructa1 v, olumetricrepresentationin

/
which( the time

+
surfaces1 implicitly

/
e* xist5 as1 le

0
vel-sets.We* define

.
the
+

lev, el* setof ¨
ata particular% valueof3 time, © ,J asthesetof all points ªr«�¬l­�¬�®�¯ such&
that °X±r²�³\´�³¶µ�·¹¸eº . AnothernameH for this

+
is
/

thecontour) curv) e* of3»
at level* ¼ . For ane* xcellentintroductionto level* set& methodsand1

additionalapplications,see& [20].
Therefore,
R

for
;

eachgrid point ananti-particle1 is
/

released7 andits
/

integralcurve is traced
+

until a1 source& or3 theboundary
B

of thedomain
.

is reached.Thisprocedureis equi* valent1 to thebackw
B

ardtracing
+

ap-
proachproposedin

/
[29] for the

+
calculation) of3 streamsurf& ace1 func-

;
tions. W

E
e emplo* yA a fourth-orderRunge-Kutta scheme& with( adap-

tive step-sizecontrol) in order to find successive points% along1 the
curves. Prior to

+
this procedure% we( determine

.
critical) points% in the

flow wherethe magnitudeof3 the v, elocity* vanishes.Thus,during
run-timewe detectanti-particles1 reaching7 a1 critical point,at1 which(
theyA mustbe

B
stopped& in order3 to

+
avoid3 nonterminatingtraces.

+
Addi-

tionally, a stoppingcriterion) is employedA for
;

anti-particlesmoving,
on3 closed) orbits,for which( no valid time

+
v, alue1 canbeassigned.

If the distance
.

from point ½�¾ to point% ¿XÀÂÁgÃ is ÄÆÅ , thenthe
+

time
+

an1 anti-particleneedsH to
+

tra
+

vel from Ç�È to ÉXÊÂËgÌ is ÍÏÎÑÐ�Ò�ÓÆÔ ÕÖ ×ÙØ ÚÜÛ�Ý¶Þ .
Integrating the distances

.
along the path yieldsA the

+
time the anti-

particle needsto mov, e* from the grid point it was1 releasedfrom
until it leaves* the

+
domain
.

or reachesa1 critical) point.% A unique: time
+

is assigned1 to
+

thosegrid pointslocatedin closedorbits. Thus,by
B

storingall1 times at1 each* grid6 point we ha
8

v, e* con) verted* the
+

vector*
field into a1 scalar& field,.

-
This provides, alternativ, es* for

;
displayand1

analysisof3 the
+

flow (see
ß

Figure2).

2.2
£

Interactive displa
à

yá of¥ level-sets¤
In order to ef* fectiv, ely* analyzea1 flow( field by meansof time

+
sur-

faces,1 we needto
+

interacti
/

v, ely display
.

the
+

continuousevolution of
thesesurf& aces.1 As we( hav, e alreadypointed% out,3 a geometricap-
proachfails, in general;6 but once3 theflow( field hasbeenconverted



Figure2: In theleft
�

ima
�

ge,â the
�

oceanflow
�

is depictedby
�

meansof
LIC.
ã

On
ä

theright, thetr� aveling� times� of anti-particlesto� thebound-
�

ariesor sour" ces� are shown" asscalarvaluesat each
å

grid$ point.æ

into a1 level-set* representation,we( cane* xploit texture5 mappinghard-
ware1 in order3 to

+
sho& w( the

+
intrinsic dynamic

.
beha
B

vior.C Thoughin
the follo

;
wing( we( will( shift emphasisto

+
3D
K

flo
'

w( fields, the
+

basic
approachcan) be

B
utilized: for the

+
visualization, of3 2D v, ector* fieldsas

well.
Volume3 renderingvia, 3D

K
te
+

xture maps2 hasbecome
B

a1 powerful(
tool to

+
interactively* display

.
and1 thusanalyzecomplex scalardata

.
sets[2]. Interpretingv, olumerenderingasthere-samplingof3 a1 dis-
crete3D

K
te
+

xturemaponcuttingplanesparallelto thevie, wing plane%
allows oneto

+
efficiently use: hardware-supportedte

+
xtureinterpola-

tion to
+

simulate& the physics% of3 light transport
+

in semi-transparent&
media. The sameprincipal techniquecanalso1 be

B
used: to display

.
lighted iso-surfaces[30] by

B
re-sampling3D

K
gradient6 mapswhich

storethe
+

pre-scaled% gradientsandthe
+

scalardata
.

samples& in a1 RGB
Q

andç texture,respectively.C
Thecommonprocedure% employed in ray tracingfor iso-surface1

rendering,where( the ray7 is traceduntil: the
+

first
-

intersectionwith
the surf& aceis

/
found,
;

cannoH w be simulatedby
B

means2 of OpenGL
O

per-fragmentoperations.3 Combiningalpha-and1 depth-testsduring
.

re-samplingguarantees6 that
+

only thosete
+

xture samplesclosestto
thevie, wpoint( andabo1 ve/below a user-definedthreshold

+
aredra

.
wn

into the frame b
B
uf: fer
;

. Per
è

-pixel diffuse lighting is accomplished1
by multiplying2 the RGB

Q é
components,which( noH w storethe

+
gra-

dient vector, with( a color) matrix [18]
G

as1 av, ailable1 on SGI IR and
Octanesystems.This

R
matrix2 hasto

+
be
B

initialized
/

properly% to
+

per-
form scaling,& modelview( rotationandthescalar& product% calculation
with thelight

0
source& directionv, ector* .C K

ê
eyA features
;

of this
+

extended
approachare1 illustratedin Figure3.

K

2.2.1 Multiple
ë

animatedì time surfaces

Themethoddescribedin
/

[30] allo1 ws( only3 for
;

the
+

renderingof3 solid&
objects. Even* more importantly,J this methodmakes* impossible
thesimultaneousdisplayof3 surf& acescorrespondingto dif

.
ferentiso-

valuesor3 time-steps
+

in thecurrent) application.1 Thereforewe( mod-
ified the algorithm by

B
letting
0

the í -values1 of texture5 samplesbe
B

replacedby
B

the contentsof the texture color) tablebefore
B

the
+

per% -
fragmentî -testis performed.Thus,by allo1 wing te

+
xturesamples& to

+
bedrawn( only3 if

/
the
+ ï

-valueis greater6 than
+

zero,we canrenderar-
bitrary time

+
surfacesby simply& windo( wing( theappropriate1 ð -range

in the
+

color) table. This range7 canbe
B

arbitrarily1 scaled& in
/

order3 to
+

changethethicknessof thesurfacesto be
B

e* xtracted.
In
P

orderto simulatethe dynamicsof the
+

current) flo
'

w,J we( hav, e
implementedcyclic shifts of the

+
contents) of the ñ -componentsin

the texture5 color table.
+

Now( ,J we( can) show the directionin
/

which
the evolving3 structuresproceed,% as1 well( as1 their

+
speeds& relativ, e* to

+
eachother.C

2.2.2 Twoò sidedó lighting

We de
.

veloped* a two-pass3 approachthat allows for the
+

tw
+

o-sided
lighting of3 time surfaces. Therefore,

R
we( consecuti) vely* modulate2

pixel* v, alues1 with tw
+

o3 differentcolor) matricesasshown( below.C Note
thatwesho& w( only that

+
partof3 thematricesthat

+
is neededto

+
perform

diffuse lighting on the already1 scaledand1 rotated7 gradients. The
first matrix, ô�õ , includeslight sourcedirection

. ör÷¹øaùlúüû�ý\þ ÿ �
and

its inverse* to
+

obtain3 the contributions: from
;

front- andback-sided
B

lighting in the
+

RedandGreen
�

pix% el components,) respectiv, ely* .C Note
thatnegativ, e valueswill( beclampedto

+
zero� beforethey are1 drawn(

into theframebuffer.C Thus,
R

either* theRed
Q

or3 theGreenchannel) will(
bezeroandcan) now( beaddedin orderto take* ov, er* theappropriate
values1 by

B
multiplying2 the

+
color components) of3 each* pix% el* with( the

matrix ��� in the
+

secondpass.

�	��

��
 ��� ��� �
���������������� "!! ! ! !! ! ! #

$�%�&
'('*)�)'('*)�)'('*)�))()�) '

In
P

orderto
+

performthe
+

colormatrix2 multiplication2 and1 thus
+

copyA
theframebuffer only3 once,3 we furtheroptimizedthe

+
outlined3 tech-

nique.H The first row in matrix2 +-, is duplicatedinto
/

the 2nd and1
3rd
K

row( .C Now,J after1 the color) matrix hasbeenapplied1 we obtain3
color) componentsin the

+
rangeof3 .0/21436547 .C Fortunately, prior% to

+
OpenGL
O

clamping,these
+

components) can be scaled,biased,
B

and1
finally mappedinto the

+
postcolor matrix lookup table. Thus,by

B
issuing
/

a scaleand1 a1 biasof3 0.5,and1 by initializing
/

thecolor) table
with( a tw

+
o-sided3 rampthat

+
rangesfrom

;
one3 to zero� in the

+
first
-

half
and1 from zero to

+
one3 in the

+
secondhalf, we arri1 ve at the correct)

results.7 Although
D

the
+

accurac1 y of3 the
+

resultsis
/

limited by the
+

width
of3 the color table,

+
in our tests

+
no visual de

.
gradationof the

+
image

quality8 couldbe
B

observ3 ed.*

Figure3:
K

Theseimagesillustr
�

ate the e� xtensions# we de
�

velopedfor
!

3D te� xtur# e-based� surfacerendering. Multiple time� surfaces" with9
differ
!

ent� thicknessare render� ed� using: one- and� two-sided� lighting
�

.;

2.3 Stream
<

boundaries

As we ha
8

v, e* claimed) in
/

the
+

introduction,our3 approachshouldbe
effective in

/
re7 vealinghomogeneousstreams& in

/
theflo

'
w, which,( in

/
general,cannotbedeterminedby just

T
analyzingthevectordatalo-

cally. Ev
?

en if the vectordatais
/

locally
0

homogeneousin
/

termsof
directionand speed,we will( find regionswhere( differentstreams&
proceedparallel to each* othero3 ver a certaindistancebut: will( be
separatingagain.As a1 solutionto

+
this problem,we( ha

8
ve* de
.

veloped*
a local techniquethat tak

+
es* into account1 global informationby ac-

cumulatingflo
'

w quantities8 alongtheinte
/

gral curv) es.*
Therefore,let us: pictureflux by

B
treating
+

it like* theflow( of3 a liq-
uid, an imperfectanalogy1 that

+
is nonethelessuseful for visualiza-



tion purposes.% Let us: consider) the unsteadyflux, and let us as-1
sumethat

+
the magnitude2 of the

+
vectorfield, in

/
somesense,& gives*

usa1 measure2 of ho
8

w muchflux
'

or3 matteris transported.
+

Then,
R

the
+

time distribution we compute) asproposedin Section2.1 just
T

indi-
catesthenetH inwardflux at1 a1 certain) positionalongthe

+
line after1 a

particulartime. Since
F

at1 eachpositionwe add1 the total incoming
matterto

+
the actual1 contribution, the difference

;
betweenadjacent1

valueson neighboringlinesnow indicateshow muchtheaccumu-1
latedmatteralong1 the line differs. Consequently

I
, within homoge-

neousstreamsthe
+

distortions
.

of3 lev, el-sets* corresponding) to
+

equal*
accumulatedamountsare1 small& in general,whereasthe

+
yA arehigh

betweendif
.

ferentstreams.& We will( subsequently& call) thesekind
U

of
boundariesthe

+
stream� boundaries.C

Streamboundaries
B

asintroducedare1 definedby
B

thosepositions%
wherewe have high

8
v, ariation1 in the

+
changes) of theflux at a1 certain

time. Mathematically,J this
+

corresponds) to
+

positions% wherethe
+

Ja-
cobianof theflux,

' =?>A@CBD0E ,J hashigh variation. Sincethe
+

integral
curvesof3 the

+
vectorfield, on the

+
other3 hand,are1 thesolutionsto the

+
differential
;

equation FHGJILKNM OQPRTS UWVYX[Z\X^]`_ba6cdc with initial boundary
condition e\f^gihHjlknmporqis , t can) be computedwith( respect7 to

+
the

following dif
.

ferentialequation:*
u
vnwyx{z

|
}n~��
�J�
���2�i�

�
�����i�d�\�^���b�i�d�Y���������J� �l� �H� �

¡J¢
£�¤¦¥¨§�©«ª^¬T­¯®«°

with initial
/

boundarycondition) ±³²^´nµ·¶¹¸ ,J whereº is
/

theidentity.C
Notethatthe

+
right handside& is time-dependent.In fact,the

+
Jaco-

bianof thev, ector* field
- »�¼

alongthe
+

wholepath% influences
/

the
+

Jaco-
bianof the

+
flow( at1 a1 specified& position ½ and1 time ¾ .C TheJacobian

¿
dependson thehistoryalongthepath,% thusleadingto a1 non-trivial,
solutionfor

; À
. In the

+
next5 paragraph% we will( proposean1 analogue

for computing) Á by curvaturebased
B

measure.
If we( change) the

+
inflow( situationin termsof position,% thenthe

+
timeuntil streamboundariesare1 formed

;
changes) aswell. Ho

Â
we( v, er* ,J

sincewedepict
.

the
+

variationof3 theflow( with( respectto
+

thedynamic
ev, olution3 along1 the

+
streams& andrelativ, e* to each* other3 ,J the feature

lineswill be
B

featuredindependentlyof the inflow( situation. Thus,
by changingthe

+
inflo
/

w( setting,we( will( also1 appropriately1 change)
the distrib

.
ution of3 the scalarfield Ã ,J while( retaining7 boundaries

B
betweendif

.
ferentstreams.

2.4
£

Cur
Ä

v¤ atureÅ based analÅ ysisÆ of¥ time
¦

surfaces§
Thestudyof3 time surfacesis of3 particularinterestbecause

B
the
+

yA ef-*
fectively* visualize, the geometric6 andtopological

+
modificationsof

their evolving structures.& By
Ç

helpingus: to discriminateamong1 ar1 -
easof3 flow sho& wing( different characteristics,) thesemodifications
shouldallow usto

+
moreaccuratelyanalyzetheflow( under: consid-)

eration. As a consequence,) we needto dev, elop a1 measurefor the
variationsof theflux as1 specified& above that

+
can) be

B
used: to

+
indicate

thepresenceand1 theimportanceof3 stream& boundaries.
Oneapproachto detectandcharacterize‘surfacefeatures’in ge-

ometricmodeling2 is
/

to
+

analyzethe local curvatureacross1 the
+

sur& -
face. Methodsfor theef* ficient calculation) of thecurvature1 canbe
foundin

/
manyA te

+
xt books
B

e.g.[8]. Theuseof3 this kind of3 informa-
/

tion in
/

surf& acefairing[24,J 15,J 7]
È

is stronglyrelatedto
+

ourapproach.
In the
+

present% scenario,the local curv) ature1 of the time
+

surf& aces1
tells us wheredistortions

.
of3 these
+

surf& aceswith( respectto the
+

in-
fluenceof the

+
flow field aremostsignificant. Basedon3 theseob-

servations,1 we want1 to
+

deri
.

v, e* a methodthat
+

allo1 ws( us: to
+

locally
estimatethe

+
curvatureof3 any iso-surf

/
ace1 ÉpÊ Ë`ÌlÍÎÌbÏyÐÒÑÔÓ�Õ .C Since

F
we hav, e* already1 con) v, erted* theflow field into the

+
discretelevel-set

representation,we( restrict7 our attention1 to the
+

questionof ho
8

w to
estimatethecurv) ature1 of3 the

+
trilinear interpolantwithin each* cell of

theunderlyinggrid.
Therefore,let us assumethat any time

+
surface1 is definedasan1

elevationover* the Ö ×YØÚÙ¯Û planeandcanthus
+

be
B

parameterizedby the

equationÜ ÝYÞbß¯à�áâäã å`æbçÎæTèné êYëlì¯í^î . Here,we( assumethat
+

a1 functionïnð ñYòló¯ô
exists5 in

/
the
+

vicinity, of3 õ öY÷bøÎ÷bù4ú suchthat
+

ûpü ýYþlÿÎþ��������	��
�
�
������
Thus,we( hav, ean1 implicit description

.
of3 thetime

+
surfaceatanyA reg-6

ularpoint% in the
+

unit: cube � ��������� thatallows usto approximate1 an1 yA
curvature1 measurewithin eachcell.) Typical measuresfor the

+
cur-

vaturecan) be
B

obtainedfrom thefirst (���! ) andsecond(
ß "�#!$

)
¡

funda-
mentalforms

;
for
;

thesurface.With
/

the
+

standardnotationH %'&)(�*�+),�-.-�-
for the

+
partial% deri

.
vativ, es* of / we obtainthetotal

+
curvature

0214357698;:<�=?>;@@�A�B
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`baced�fbghei�jbkl m
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(2)
ß

of the
+

surfaceÂÄÃ�Å�ÆÈÇÉÆ�Ê�ËÍÌÏÎ�Ð whereall1 partialderiv, ati1 ves* are1 e* v, al-1
uatedat1 Ñ Ò�Ó	ÔÉÓÖÕU× .C

In orderto
+

estimate* thecurv) ature1 within( a1 certain) cell, we( eval-
uateequation* 2 at randomlyselectedpoints% in the interior of3 that
cell. The

R
maximumv, alue1 is thecurv) ature1 measure2 thatwill be

B
used

to analyze1 the
+

time
+

surfaces.High curv) ature1 within( a1 cell) indicates
thatgrid points% defining

.
thatcell belongto

+
dif
.

ferent
;

streams.Thus,
a streamboundarythat isolatesstreamsfrom eachother passes
throughthecell.

As
D

canbeseenin Figure
>

4,
Ø

thecurv) ature1 plot% naturallyleads
0

to
+

thediscrimination
.

of3 separate& streamsthat flow in differentdirec-
.

tions and/orwith( dif
.

ferent speeds.In laminar streams& wherethe
distortionsof3 the time surfacesare1 lo

0
w,J the
+

curv) ature1 will be low(
aswell. In the next section,& we will demonstrate

.
how( to usethis

+
informationto derive a1 multiscale2 representation7 for

;
flo
'

w fields.

Figure4: T
Ù
wo curvatur� e plotsæ of the time� distrib

�
ution for

!
differ
!

ent�
inflow situationsare� shown.Note

Ú
that small" curvatur� e values� have

å
beenrÛ emo� vedby thr� esholding� .;

3 Multiscale FlowS Representation

Thenew( curvature1 measurewehavederiv, edallo1 ws( usto detect
.

and1
separatestreamsthat are1 homogeneousin

/
terms
+

of direction and1
speed.C Thefeaturelineswe( extractby

B
meansof thismeasuredepict

.
theboundaries

B
betweenseparablestreams;& within( thesestreamsthe

topologyof3 the
+

time surf& acesis preserved over* time
+

and1 the
+

main
shapeand1 length

0
of3 stream& linesis similar& .C

As with discrete
.

fairing of meshes,where the geometry is
smoothedwith respectto the

+
local curvatureof the

+
mesh,our3 goal6



is to dev, elop* a1 techniquethatallo1 ws usto successively smooth& the
+

flow( field
-

with respect7 to
+

thecurvatureof3 thetime
+

surfaces.1 Streams
F

thathav, e been
B

separatedshould& notH bemer2 ged,whereassmall& de-
.

viationsbetweenthe
+

streamlines within( them
+

shouldbe
B

remov, ed*
without significantly& degrading6 theirmain2 shape.

3.1
Ü

Iterative smoothing§ sc§ heme

Let us: start& by
B

assuming1 thata1 local
0

smoothing& operator3 is
/

a1 vailable
thatcanbe

B
employed to computethe

+
incrementalupdate: to

+
a1 flow(

vector* with respectto itsneighbors.Unfortunately,J in contrastto the
smoothingof3 mesheswherethe

+
topologyof the

+
meshtells

+
uswhich(

of the
+

neighborshave* to be
B

considered,) this
+

kind of topologicalin-
formationis

/
notH apparentin

/
the
+

flo
'

w field.
-

Notice
4

in particular% that
includingall adjacentgrid points% into the local smoothingprocess
resultsin the

+
dispersionof disturbances

.
acrossdif

.
ferentstreams& as

well asalongthe
+

streamlines. Ho
Â

wever, neitherH effect is suitable,
sinceboth

B
leadto

+
undesirable: smoothingorthogonal3 to the

+
streams

andequally* undesirable: distortion
.

of3 thestreamlines’ mainshape.
In orderto av, oid3 thesedra

.
wbacks,we hav, e* incorporatedthe

+
local

curvatureinto
/

the
+

smoothing& process.
W
E

e* startwith a Cartesiangrid and1 the
+

initial distrib
.

ution: of3 the
+

functionvaluesÝÄÞ�ß�àÈáÉà�â�ã ateach* grid point. Wesubsequentlyvisit
eachvoxel* andlocally reconstructthe

+
time
+

surf& ace1 passingthrough
that v, ox3 el by meansof3 the

+
marchingcubes(MC) algorithm[16].

Note that
+

we( computethe
+

discretecurv) ature1 not from
;

the
+

MC-
surfacebut from the

+
discretetime distrib

.
ution: ä . Reconstruction

is to be
B

discontinuedin cells) where( we have computed) high curva-1
ture. Thus,

R
we( avoid3 including

/
informationfrom

;
separate& streams.

At eachvertex spanning& thesmallpiece% of3 thetime surf& ace,we( in-
terpolatethe v, elocity vectors* å�æ from

;
the original3 flo

'
w field.
-

The
new( v, elocity* v, ector* at1 the

+
current) grid point is obtainedby inv, erse*

distanceweighting( with( respect7 to the
+

lengthof theedges* ç�è from
this point% to all é�ê :

ëíìeî�ïñð
ò óõô÷öUøúù ûýüÖþ�ÿ û����

�� � �
� 	
 � �

Here, if 
������ then ��� = 1, and ���������� � .C We perform% the
sameprocedure% to

+
locally smooththe flow magnitudes.Finally,

afterprocessing% all1 grid6 points,% we end* up: with( thesmoothed& flo
'

w
field from

;
which( we computethe

+
neH w values!#"%$'&�()&+*-, to+ beused

in the
+

next iteration.
We* conclude) by

B
shifting& emphasisto a1 slightly& dif

.
ferent
;

formu-
;

lationof theproposedtechnique.For3 a1 certaintimesurface,a local
smoothingoperator3 as1 proposedin [24, 7] for thefairingof3 polygo-
nalmeshescould) beemployed.A Gi

�
ven* thesurf& ace1 correspondingto

+
a specific& time,

+
the
+

iterative solving& scheme

.0/21436587%9;:�<�=?>A@0B
successiv, ely* diffusesdisturbancesin thev, ectorfield across1 the

+
time

surfacewith respect7 to thedamping
.

factor C and1 the
+

discretecurv) a-1
ture D asderiv, ed in Section

F
2. In contrast) to the

+
fairing approach

wherepositionsof3 meshvertices* are1 updated,in our approach1 the
vector* field data

. E
gi6 v, enon3 thev, ertices* of thetime

+
surf& aceis itera-

tively* smoothed.& In each* iteration
/

we deri
.

ve a new( v, ectorfield
-

and1
thecurvaturehas

8
to be
B

re-calculated.

3.2
Ü

Principal stream§ selection§
Oncewehav, e* constructedversionsof3 the

+
initial flo

'
w( field in which

the integral6 curv) es* within separatedstreamsare1 contained) at1 ev, er*
coarserresolution,our3 goal is

/
to
+

placea sparseset& of particles% in
/

thefield and1 to sho& w( their
+

streamlines. By takinginto account1 the
+

curvaturevaluesgiven* at1 each* grid cell, we( intendto
+

select& the
+

set&

Figure5:
F

Theleft image showsa� partæ of the� original ocean data
set. On

ä
therightÛ thee� xplicit# smoothingschemewas9 appliedusing

9 iteration� steps.

of particlesin such& a1 w( ay that at leastone3 particle% traceis placed
within each* separated& stream.&

Therefore,
R

weproposea1 techniquethataccountsfor
;

thetopology
of the
+

time
+

surfacesin the
+

flow( . Westart& by
B

generating6 a1 binarydata
.

set G in thefollowing w( ay:

H?I J4K+LNMPO+Q+RTSVUXW Y[Z]\�^-_a`cbTd+^-_fehg iXj�k�lPm+n+oTprq4s?tvuwyx]z|{~}f�~�f�������

No
4

w we randomlyselectpositionsin the flow field and1 recur-
siv, ely* checkwhetherthere

+
are1 cells �?� �)�a�N�T�a�+���+����� in a1 certain

region around1 that
+

position. If so,we selecta1 new position.% Other
O

-
wise, the

+
entirestream& line passingthroughthatpositionis traced

andthebinaryfield
- �

is
/

updated: asfollo
;

ws:

�?� �)�a�+�h�~�+���� ¢¡ £¥¤§¦©¨fª�«­¬¯®?° ±)²a³+´hµ~¶+·�¸�¹º?» ¼)½|¾�¿hÀ~Á+Â�ÃNÄÆÅ§ÇfÈ­ÉfÊaË|ÌÎÍÐÏ�Ê

This
R

procedureis repeatedwith( asmanyA particlesas1 desired.
.

The
sizeof the

+
regionin which( wecheckfor cells) thathavealreadybeen

B
setdetermines

.
how( close) to thestreamboundariesand1 to eachother3

particletracesareplaced% (see
ß

Figure6).
Ñ

As with thetechnique
+

pro-
posedin [14], we( cannow( arbitrarilyselectthe

+
informationdensity

of thevisualization.
In order3 to

+
animatethe

+
dynamics
.

along1 the streams,each* e* x-
tractedtrace

+
line
0

is alsostored& asa1 setof line
0

segmentsand1 thetime
+

value Ò#Ó~ÔÕ4Ö2×ØÚÙ2ÛÜ-Ý is stored& for eachvertex Þ~ßà4á�âã)ä2åæ-ç that is included
in theline. Thesevalues1 are1 then

+
issuedas1D te� xtur# e coor� dinates,

which allo1 ws( the
+

depiction
.

of3 therelati7 ve speed& alongthe
+

linesby
color tablelookupasoutlinedin Section

F
2.

time surface
è

streamé
3
ê

1

2
streamsëprincipalì

boundaries
í

Figure6:
Ñ

Principal
î

str" eams� are� displayedfor
!

those� cells that are�
far
!

enoughfr
!

om the
�

stream� boundaries
�

(left).
ï

On
ä

theright, cell� 1 is
�

notgoing$ to� be
�

selected" becausethetime� surface" passingæ thr� oughit
intersectsthe� præ e� viously� extr# acted� principalæ str" eam� passingæ through 
cell 3. Cell

ð
2 is
�

too
�

close� to
�

astr" eam� boundaryandwill be
�

discar
�

ded
aswell.

As a consequenceof the distancecriterion, no lines will be
placedin streams& that are too thin

+
or for which no particle% has



beenrandomlyselected.Thesestreamscanbe
B

easily* detectedby
B

inspectingtheset& of cells) in
/ ñ

that
+

havenotbeenset.& By
Ç

following
the time surface1 passingthroughsuch& a1 cell) until: a1 stream& bound-

B
ary is reached,we cancheckwhetherthesurfaceintersectswith( a1
particleline ( òôó�õ ).¡ If

P
so, then

+
a1 particle% trace

+
hasalreadybeen

selectedandwe( proceed% to
+

the
+

next cell.) Otherwise,
O

weeither* select
anarbitrary1 cell) thesurf& ace1 is

/
passing% throughasthe

+
neH w seedpoint%

for a stream& line, or we try to
+

find thecell in the
+

currentstreamthat
hasa1 distanceas1 equal* as1 possibleto all1 stream& boundaries.

B
This is

doneby shrinkingthe
+

set& of cells) from thestream& boundariesuntil
only one3 cell remains.This will be the

+
starting& positionof3 a new

streamline.
0

Shrinkageis
/

similar to
+

amorphologicalerosion,* where
we iteratively* remove* cells) adjacentto streamboundaries,thereby

+
narrowing theboundaries

B
simultaneouslyand1 selectinga1 seed& point

in the
+

middle2 of3 a1 stream(see
ß

Figure7).
È

Figure7: This illustration� showsthe
�

narrö owing of the discretized
stream� surfacein

�
order
�

to find
�

a� seed" cell in the� ‘center’ of the�
surface.; The præ ocedure� is stopped" when9 we9 ar� e� left

�
with one or 

multipleisolatedcells.�
Figure8

÷
shows theprincipal% streamswithin theoceanfluid flow

extracted5 with theproposedmethodand1 scan-con& v, erted* into a 2D
texture. Note

4
that
+

in high-turbulenceregions where the curva-1
ture oscillatesvery* irregularly6 ,J noH principal streams& arefound be-

B
causewe do

.
notH consider) positionsthatarecompletely) surrounded&

by other3 high curv) ature1 cells) due to the selected& distancecrite-
rion. Ho

Â
wever, by

B
changingour selectioncriterion) appropriately

we could usethe
+

same& procedureto determine
.

turb
+

ulent: regions6
explicitly.

Figure8: Theleftmost
�

ima
�

g$ e shows" a partæ of theoriginal data
�

set.
In
ø

the images� on the rightÛ the� principalæ str" eams� ar� e� shown" befor
�

e
andafter� thin or not yetù found

!
str" eams� havebeene� xtr# acted.

4 Results and Analysisú
In thissection& we( discuss

.
furtherresultsandanalyzethe

+
mainmod-

ulesandfeatures
;

of our3 system.All
D

tests
+

were( run7 on an SGI IR
P

equippedwith( one R12000,300 MHz
û

processor% , 64 MB
û

te
+

xture
memoryand1 256 MB main memory.C Although our3 tests

+
were( re-

strictedto
+

Cartesiangrids,we should& mentionhere
8

that
+

other3 types
of grids6 canbeprocessed% with( only3 slight modifications.In partic-%
ular,J the

+
particletracer

+
has
8

to bemodifiedappropriately, b
B
ut: abov, e*

all, an1 algorithmis requiredthat
+

allo1 wsfor thesampling& of3 the
+

vec-*
tor dataand1 for the

+
curvatureestimation.For3 curvilineargrids,6 for

example,for which we know how( to compute) partialderi
.

v, ati1 vesin
orderto

+
evaluateequation2,

M
our approachcan) be

B
applied1 straight-&

forwardly1 . For3 unstructuredgrids,6 howev, er, wereconstructthetime
+

surfaceslocally andcomputethediscrete
.

curvatureon the triangle
+

mesh.In
P

an1 y case,3D te
+

xtureshav, e to beabandoned1 for
;

rendering.
Themosttime consumingelement* of thepresented% approach1 is

thecomputationof3 the time
+

distribution ü , which is accomplished1
by tracingthe

+
inte
/

gral curvesbackin time until: a sourceor3 the
+

in-
/

flow boundariesarereached.The actual1 system& implementedthe
Runge-Kutta scheme& in

/
a straightforward way without taking

+
ad-

vantageof coherencein the data. The
R

naive approach,1 in
/

which(
everyparticletrace

+
is computedfrom scratch,& tak

+
es* roughly28min-

utesfor
;

the
+ ý2þ2ÿ��

flo
'

w data
.

set& shown in Figure
>

10.
Once
O

the scalartime field
- �

hasbeengenerated,6 the
+

time
+

sur-
faces,1 aswell( as1 their dynamics,

.
can) be

B
displayed
.

interactively* via
3D te

+
xturesand1 color) tableanimation.1 F

>
or3 example,5 on3 theused: ar-

chitecturethe
+

flow field mentionedbefore,includingmultiple time
+

surfaces1 andcolor tableanimation,1 canbe renderedwith( approxi-1
mately12 fps

;
onto3 a �������
	���� viewportusing: 
������ ����� ��� slices.

The
R

proposedmultiscalerepresentation7 enables* us: to remov, e*
noisefrom flow( fields and1 to

+
generatecopiesof the

+
original flow(

atever* coarser) resolution,7 asit is sho& wn( in Figure5.
F

Onecan) easily*
recognizethatthemain2 shape& of thestream& lines

0
is retained7 ashigh

8
frequencyA oscillations3 aresuccessi& v, ely removed.Consequently

I
, for

an adaptive multi-stepinte
/

grationschemethat e* xplicitly attempts
to use: fewer integration6 stepswith decreasingsize& of details,

.
the

computationalcost will be considerablydecreased.
.

In this
+

w( ay,
unnecessarycomputations) and1 inv, alid1 stream& lines, which( might
occurwhen( boundariesbetweenseparatestreams& are1 crossed,can
bea1 voidedeffectively. In this

+
respect,ho

8
wev, er, the

+
criterion) which(

letsusallo1 w( to separatestreamsfrom eachotherplaysan1 important
role.

As
D

we ha
8

v, e* pointed% out, our techniqueis intendedto
+

extract5
streamboundaries

B
based
B

on the
+

proposed% discretecurvaturecrite-)
rion. As a1 matter2 of3 f

;
act,the

+
classification) of3 streamboundariesand1

consequentlythe
+

smoothing& process% stronglyrelieson3 thecurv) ature1
thresholdwe select& asthe

+
importancemeasure.The specification&

of a proper% error* tolerance
+

raises7 the sameintrinsic problemasin
/

other areas1 where( techniquesattempt1 to discriminate
.

noise from
features.On the

+
other3 hand,

8
althoughthe discrete

.
curv) ature1 is lo-

0
cally in

/
v, estigated,it gives* a global6 measurebecause

B
a1 point on the

time surfacecarriesinformationalong1 the
+

entirestreamup: to
+

the
currentposition. Consequently,J noiseH alongthe

+
streamlines

0
will

beincreasinglyremov, ed* due
.

to
+

integration,while( we( e* xpectturbu-:
lenceto

+
introducehigh frequenc

;
y oscillations. This is

/
dueto

+
the

fact1 that
+

flow( directionwill( be
B

changedsignificantly,J thus
+

altering
thestreamlines’ mainshape.&

Once
O

the
+

stream& boundarieshav, e beenextracted5 by meansof3
a curvaturemeasure,the

+
placement% of3 the principal streamscan

be accomplishedstraightforwardly.C Even* without( this
+

step,when
we initially

/
place% particlestreamsin theflo

'
w,J it is

/
guaranteedthat

+
all separatedstreams& will be

B
foundemploying theerosion* like* e* x-

tractionof suitable& seed& points% (seeFigure12). Howe( v, er* ,J by
B

just
T

placingstream& lineswith( a static& distanceto
+

eachotherall1 streams&
broaderthan

+
thisdistance

.
canbeextracted.

5 Conclusion

In this work3 we hav, e emphasizeda generalapproach1 for the
+

vi-,
sualizationof3 flow fields by meansof the dynamicsof3 time

+
sur& -

faces.1 The
R

majorcontrib) ution here
8

is
/

to considerlevel-sets* within
this field as the fundamentalstructures& showing the

+
dynamics
.

of
theflo

'
w. Theevolution3 of3 these

+
level-sets* in

/
space& andtime

+
is ana-1

lyzedin terms
+

of their localcurvature,whichenablesusto separate
homogeneousstreamsfrom eachother.C



We have* de
.

velopedtwo beneficial
B

e* xtensionsfor 3D te
+

xture-
basediso-surface1 rendering7 allo1 wing( for

;
the interactiv, e* and1 simul-

taneousdisplay
.

of3 multiple,2 tw
+

o-sided3 lighted time
+

surfaces1 and
their ev, olution3 o3 v, er time using: color) table

+
animations.1

We* introduced
/

an e* xplicit5 schemeto effecti
;

v, ely* smoothflo
'

w
fields. In particular% , we have sho& wn how( to obtain3 streamlines
at ever coarserresolutionby

B
dispersing
.

small& disturbancesacross1
the time

+
surfaces1 at the

+
sametime

+
retaining the

+
integral curves’

mainshapes.& Finally,J this methodhasbeen
B

extendedfor the
+

auto-
maticplacementof3 principalstream& lines

0
in
/

multi-dimensionalflo
'

w(
fields. Thus,with a sparse& setof3 lines,we arestill able1 to

+
indicate

therele7 vant features
;

in
/

thedata.
.

Ho
Â

wever, our approachdoes
.

ha
8

v, e*
somedrawbacks:

� Our
O

approach1 is expensiv, e in terms
+

of3 numericaloperations3
and1 storagefor lar

0
ge-scale3D flo

'
w fields. This is due

.
to
+

the
+

v, ox3 el-wisegrid tra
+

versalandthememorizationof intermedi-
/

ate1 results.

� Our
O

methodrelieson a heuristiccurvature-based1 criterion. A
more2 accurateinvestigationof3 the thresholding

+
to
+

be
B

applied1
in order3 to separatestreamsfrom each* otherneedsto be

B
done.
.

� In particular% , our methodfails if the
+

data
.

is highly turbulent
by
B

nature,H suchthatnoH regularstream& boundariescanbede-
.

tected.
+

Howev, er,J in this
+

caseno homogeneousstreams& exists
- animportantcharacteristic) ourapproach1 is able1 to indicate.

Nevertheless,we( are1 con) vinced, that the
+

ideaspresented% herewill
beinfluentialfor futurede

.
velopments:

� W
E

e have deriv, ed a1 multiscale2 representationfor
;

flow( fields.
-

This canleadto
+

a1 multiresolutionframework for flow( , where
only3 principal streams& on3 a lower resolutionlevel* and1 the

+
dif
.

ferenceinformationneededfor the
+

next finer lev, els* is in-
cluded.)

� W
E

e ha
8

v, e* demonstratedthat flo
'

w( field direction
.

and1 speed&
can) bevisualized, v, eryef* fecti

;
v, ely* via te

+
xture-basedrendering

and1 by
B

automatice* xtraction and placementof the principal%
streams.& This

R
enables* us: to

+
appropriately1 visualizedense

.
3D
K

flow( fields.

� The multiscalerepresentationmight result in e* v, en* moreef-
ficient
-

inte
/

grationschemesfor
;

particle tracing.
+

By
Ç

employ-
ing the

+
multiscalenatureof the analyzed1 flows,( as well( as

their
+

geometric6 and1 topologic
+

structure,& traditionalinte
/

gration6
schemes& can) beextendedin order3 tocontrol) the

+
step& size& adap-1

ti
+
v, ely* and1 thus

+
to improve their

+
ef* ficiency.
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Figure9: Both
g

ima
�

gesshow" the� LIC
ã

volumeof the flow
�

ar� oundthe� bac
�

k
h

of thecar. Only
ä

by means� of an� additional,manuallypositionedæ
clipping planeæ the

�
rele� vant� structures� canbeextr# acted� (see

ï
color plate).æ

Figure 10: Both ima
�

g$ es showthe� curvature� volumecomputed� fr
!

om the� flow
�

field
�

around the back of the car. Dark greyù indicateshigh
å

curvature� . The
Ù

rÛ elevantstructur" escanbeclearly distinguishedeven� withoutany� manual� modifications(seecolor� plate).æ

Figure11: F
i

irst," we9 showstr" eamlines
�

automaticallyselectedby
�

our curvatur� e basedor acle� in
�

theocean dataset." Ne
Ú

xt,# multipletwo-sided
lighted iso-surfacesin

�
the
�

enginedata setandmultiple timesurfacescomputedfr
!

om theflow
�

aroundthecar� are� displayed.
�

Note
Ú

the
�

fuzzy
!

structures� where we9 have
å

turb� ulentflow
�

(seecolor� plate).æ

Figure12: Fir
�

st," the� de
�

viationbetween
�

str" eamlinesbefor
�

e� (color
ï

ed� blue)
�

and� after (coloredrÛ ed)� smoothing" theflow
�

field
�

is
�

shown.Although
j

thede
�

viation� is low,â weneedö 30%less
�

integration stepsto g$ enerate the
�

stream� lines
�

colored� red. Ne
Ú

xt,# we9 showthe initially
�

placedæ stream
lines.Finally,â additional� str" eamlines

�
are� placedæ automatically� in separ" ablestr" eams(seecolor� plate).æ


