FoamVis: Visualization of 2D Foam Simulation Data
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Abstract —Research in the eld of complex uids such as polymer soluti ons, particulate suspensions and foams studies how the ow
of uids with different material parameters changes as a res ult of various constraints. Surface Evolver, the standard solver software
used to generate foam simulations, provides large, complex, time-dependent data sets with hundreds or thousands of individual
bubbles and thousands of time steps. However this software has limited visualization capabilities, and no foam speci c visualization
software exists. We describe the foam research application area where, we believe, visualization has an important role to play. We
present a novel application that provides various techniques for visualization, exploration and analysis of time-dependent 2D foam
simulation data. We show new features in foam simulation data and new insights into foam behavior discovered using our application.

Index Terms —Surface Evolver, bubble-scale simulation, time-dependent visualizations
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1 INTRODUCTION AND MOTIVATION
Liquid foams have many important domestic and industrigsus-

cluding re ghting, oil recovery, mineral separation presses, sani-

tation and food and beverage production [31]. Two foam apfibns
directly related to the simulations visualized in this weanle oil re-
covery and mineral otation and separation. In the formesezat is
required to know how the constricted geometry of the poraak,r
in which the oil resides, affects the passage of the foamabiat to
displace it, and whether blocked regions develop. In thedaase,
the ef ciency of the separation process is determined byvihg in
which solid objects in the foam move, under gravity, and irtipa-
lar whether they can be carried by the foam and collecteduidhér
processing and puri cation.

In contrast to solid foams constructed from, for examplemahum
or polyurethane, liquid foams evolve in time, presentingaerdif -
cult challenge for visualization. An important parametethie liquid
fraction, which indicates where a given foam lies betweerithits of
a dry foam, in which the liquid walls of the structure (soamg) are
thin and the gas bubbles polyhedral, and a wet foam, in wiielgas
bubbles are spherical. Foams minimize their surface energyiva-
lent to area, which means that at equilibrium they satisfyeRiu's [22]
geometric laws.

Physicists use simulation to study basic properties of ftzanhare
still not well understood. For example, can the path thatteblaitra-

verses be predicted? How do bubbles and soap Ims behaver un

stress and shear? To what extent do objects falling throuiglara

interact [7]? Does the whole foam ow when pushed through @ co

stricted geometry? Surface Evolver (SE) [4] is tteefactostandard
for studying these questions because it can be used for foaolas
tions at the bubble-scale, which are the most accurate botrins
of structure and ow. Researching SE foam simulations pepesial
challenges:

1. Access to simulation data is dif cult and requires domsjre-

ci ¢ knowledge. Parsing and special processing are reduioe

access the full simulation data. Important bubble attebudre

taken into account. Topological changes (T1s), in whichobes
swap neighbors, have to be considered.

3. It is challenging to visualize general foam behavior. &hi
bubble-scale simulation makes it possible to investigageirn-
uences that material properties have on general foam behav
ior, it makes it dif cult to visualize the general behavidrat is
of primary interest. Simulation data is complex (unstroetu
grid with polygonal cells) and time dependent, with largetur
ations in the values of the parameters determined by changes
the topology of the soap Im network (T1s).

4. The most dif cult challenge and the goal of foam reseasctoi
discover how general foam behavior depends on foam pregerti
such as bubble size, distribution and liquid fraction.

These challenges make it dif cult to use a general purposealiza-
tion tool for foam simulations. Domain experts' visualipais only
partially address these challenges. They may requirevieiéon in
the simulation code and potentially recomputing the sitore for
summarizing and saving the relevant data. Their standathliza-
tions do not have the ability to explore and analyze the dataugh
navigation, selection and encoding operations. They ddaeé the
igh level of detail and speed that is achieved using graphard-
re. We address shortcomings of existing visualizatices! iy do-
main experts and we provide visualizations to address fam®arch
challenges. To the best of our knowledge, no visualizataitware
exists for foam simulations modeled with SE. FoamVis llisstioid
by providing a comprehensive solution which facilitatesatted ex-
amination and analysis of foam simulation data. Speciycalur work
makes the following contributions:

We describe foam research as an application area. We believe
visualization can play an important role in understandiognf
response to various stimuli which in turn can bene t manycpra
tical applications.

not provided by the simulation but inferred using domain-spe

ci ¢ knowledge.

2. Triggers to various foam behaviors are dif cult to inféfultiple

We describe novel visualization solutions for analyzing tb-
sults of a foam simulation performed at the bubble-scalagusi
Surface Evolver (SE). We show how our solutions are driven by

attributes have to be examined and foam properties have to be foam visualization challenges. Our tool can be used in other
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areas of the physical sciences where SE is used for simulatio
Examples include the study of emulsions [23] or solder i-€le
tronic circuits [5, 13].

We show how scientists using our tool make new discoveries,
validate hypotheses, and gain insights into foam behavior.

The rest of this paper is organized as follows: Section 2gmtsse-
lated work, Section 3 presents foam research backgrounchiation
and a short description of the simulation datasets usedisnatbrk.
We present visualization techniques used to inspect arfgiznfmam



data in Section 4. We present insights gathered and disesverade
using our tool in Section 5. We end with conclusions and &ituork
in Section 6.

2 RELATED WORK

In our survey of the literature [19], very little work in vialization
of time-dependent, physically accurate foam simulaticta tias been
published. We present related works that visualize statof struc-
tures. Bigler et al. [2] explain and evaluate two methodsugiaenting
the visualization of particle data using ambient occlusiod silhou-
ette edges. They visualize a foam data set acquired using+@it by
converting it rstto a particle distribution and then usiag interactive
ray-tracer for rendering. Konig et al. [18] present an liat¢ive tool
to investigate the structure of metal foam. They employ tieqles
for real-time isosurface rendering, determine the is@merthreshold
value such that the volume of the computed foam sample nmmtblee
real-world sample and render cells with certain size angelkateria.
Hadwiger et al. [12] present a method for interactive exaion of
industrial CT volumes such as cast metal parts. They detectlas-
sify defects in a material using interactive exploratiostéad of an
of ine process of setting parameters and then waiting fer tbsults.
These works focus on visualization of static foam or foalke-Etruc-
tures, while our work presents visualization of time-degett foam
simulations.

Computer graphics researchers are also interested inrregdeap
bubbles [9, 10, 29], foam [25] and water sprays [20]. Howgethesy
simulate and render the appearance of natural phenometeavhid-
ing the large computational cost of physically accurateutions.

Fig. 1. Typical visualizations used by the domain experts. Images are
visualizations of the simulation of foam ow through a const riction [15]
and of the simulation of two discs falling through a foam [7]. The left-
top image shows an instantaneous image of the foam owing thr ough a
constriction. The left-bottom image shows velocity magnitude averaged
over all time steps over a 60x30 grid. The right image shows time step
t = 0 of the discs falling through a foam simulation.

where accuracy is required, both in terms of static strecamd rheol-
ogy/ ow, SE is thede factostandard for foam simulation.

A challenge of using SE to simulate foam behavior, at leagbtitk

Ours is the rst work of its kind (to our knowledge) to focus on ows (ow far from the walls of the foam container), is to be labto

visualization of time-dependent foam simulation data.

3 FOAM RESEARCH

This section presents background information about foaghitarsim-

ulation, then it describes two simulations studied with visualiza-

tion tool. We outline questions to which foam scientistsksaeswers,
both in general and speci cally for the presented simutagioNe con-
clude by presenting existing visualization methods thatfacientists
use to analyze foam simulations.

3.1 Background

An agqueous foam is a two-phase material, for example detetgden
water and air, yet its response can often be solid-like. Tu@tely
predict the rheological properties of foams, includindfiséiss (shear
modulus) and viscosity as well as the complex response idesicin
Equation (1), requires a treatment that differs from thealsethods
for predicting uid ow. The solid-like properties are ofteattributed
to a shear modulus, de ned as the derivative of stress witheaet
to strain. Plasticity is described by a yield stregsthat is, a critical
applied stress below which the material does not ow, and then uid-
like properties are captured by an effective viscosity,ré=l loosely

simulate a suf ciently large number of bubbles to accuratelect re-
ality. Thus, many simulations are performed in two dimensjavhere
simulation time scales with the number of bubbles slightBeder than
linear [32]. Fortuitously, a good approximation to a tworensional
foam can also be made experimentally, for example by squgezi
bubbles between parallel glass plates [26] or using the @B3bardpble
raft [3], thus providing a means to validate simulations.tHis two-
dimensional setting, there are many opportunities foraligation, as
described here.

3.2 Simulation Cases

To present the features of our application we use two sinalagses:
the simulation of foam ow through a constrictioednstrictior) and
the simulation of sedimenting discsedimenting-disg¢s Our applica-
tion, however, can process any Surface Evolver simulabioth static
and dynamic. We present a short description of each siroualafion-
striction (Fig. 1 left) simulates a 2D polydisperse (bubbles with dif-
ferent volumes) foam owing through a constricted channklhas
1000 time steps and simulates 704 bubbles. This simulatibjests

as stress divided by strain rage Both the yield stress and the ratefoam to different kinds of stress simultaneously and isdfoe a test-

of strain are part of the Herschel Bulkley constitutive tiela, well-
known in the eld of complex uids:
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whereK (consistency) and® n 1 (power-low exponent) are tting
parameters [8, 16]. Such an expression for the stress carbadm-
plemented in a number of commercial CFD packages as a gexeekal
Newtonian model. What is unclear in this approach is the dépece

ing ground from which to validate the approximations in thedel
against experiment.Sedimenting-discéFig. 1 right) simulates two
discs falling through a monodisperse (bubbles having eqolaime)
foam under gravity. It contains 252 time steps and simul&&30
bubbles. There are two forces on each disc in addition to éiglut:
a pressure force results from each adjacent bubble pusbaigsa it,
while a network force arises because each contacting somampulls
normal to the circumference with the force of surface temsue to
the ow, the distribution of Ims and bubbles pressures andweach
disc is not uniform (for example, there is a high density ahd above

of the parameterk andn on material properties, for example bubblegach disc, leading to a large, upward, network force thees)lting

size (and its distribution) and liquid fraction.

A possible solution simulates foams at the bubble scalerenthese
contributions can be teased out [6]. Surface Evolver (SByjvala pre-
cise representation of the bubbles based upon the obsenhtt a
soap Im minimizes its surface area. In contrast to otherhmds, SE
can span a large range of liquid fractions and allows for theaner
geometry to be varied. It is the only standard method thatalithe
bubble pressures to be calculated, because of its precisiateed,

in a non-zero resultant force.

The two discs are initially side by side and close togetherthey
fall, they interact with each other by rotating towards @ktarien-
tation in which their line of centers is parallel to gravitfhis is a
variation of the classic Stokes experiment that is used dbeithe
rheology of a 2D foam, and for which there is a great deal okexp
mental data. These simulations are relevant to industr@gsses in
separation and oil recovery [31].
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Fig. 2. Topological change (T1 event). The three images show time
steps t=20, t=72 and t=73 in the constriction simulation. A T1 event can
be observed between the bubbles color-mapped by velocity magnitude.
In the left image bubbles meet only at three-fold junctions, with bubbles
1 and 3 touching. The four bubbles move to an unstable con gur ation
in which they meet at a four-fold junction in the middle image. Note
the high velocity that bubbles have after the T1 event. The right image
shows the four bubbles after the T1 event where now bubbles 2 and 4
touch.

3.3 Simulation Method

A dry 2D foam at equilibrium consists of gas bubbles surrashy
Ims that, as a consequence of energy minimization, areutarcarcs
which meet threefold at angles of 120The foams total energy is

equal to the total Im length multiplied by the surface temsi

The initial structure for each simulation is created fromaxodvioi
tessellation of the unit square, with random seeds anddierfimund-
ary conditions. Bubbles are removed from two opposite siolésave
a structure which is only periodic in one direction, withtvegs xed
to solid walls in the other direction (Fig. 1). The domainesttists use
the Surface Evolver, a nite element code, in a mode in whiabhe
Im is represented as a circular arc, to nd a realistic foatrusture
by minimizing the total Im length subject to the prescribedbble
areas.

During this minimization, topological changes (T1s) (F&j.are
triggered by deleting each Im that shrinks below a criticait-off

3.5 Standard Methods for Foam Visualization

We identify the properties of the foam in which we are intezdsand
the standard methods of visualizing the simulations ugiegbnstric-
tion example.

Firstly, each bubble acts as a tracer, so its velocity, de as the
motion of the center of mass, provides traditional inforioratabout
the ow: velocity vectors, trace streamlines and velocigymponents.
In addition, each bubble has a well-de ned pressure, whidgien av-
eraged over the duration of the simulation, can, as for Uglobe
visualized using color mapping or slices across and aloagativ di-
rection. A further bene t of the use of bubbles as tracerhat their
deformation gives information about the local strain. Qiies such
as the texture tensor [11], which takes an average of distdpetween
bubble centers in a given representative volume elementalsa be
displayed as color maps, slices, and ellipses. Finallyskietetonized
views of the foam can themselves be animated. Fig. 1 showsgga
of standard visualizations used by the domain experts.

Standard animation of the foam skeleton makes the analydisia
sualization of individual bubbles extremely dif cult ovenany time
steps. The standard averaging techniques do not provigenvech
detail and are not well suited for the simulation of sedinmantliscs.
Line graphs decouple important information from the sp@oe- do-
main. We demonstrate how our visualizations address these- d
backs.

4 FOAM VISUALIZATION

Our visualization solutions are driven by the foam reseacth vi-
sualization challenges listed in Section 1. Section 4.kriess the
processing required to read SE output les and access theleten
data generated by the simulation. Our application works ity SE
simulation and no changes to the simulation output are sacgso

lengthlc and allowing a new Im to form in a perpendicular directionaccommodate the application. This processing addressdterude

to complete the process. The critical lendghis a measure of the
effective liquid fraction F.

To apply a pressure gradient to the foam, a line of Ims spagni
the channel is moved downstream by a small distance (cotistr).
A sedimenting disc is moved a small distance in the direatibthe
resultant force on it. In both cases, this motion is follovigda reduc-
tion of the Im length to a local minimum (in the sedimentingsds
simulation, the discs are xed during the minimization).tHg&r non-
slip (Ims attached to the wall do not move because of hightfoin;
sedimenting-discs) or free slip (no resistance to motiongthe wall;
constriction) boundary conditions can be applied at thecbbwalls.
In this way, the foam passes through a sequence of equitibstates,
appropriate to an applied strain with strain rate much lotlan the
rate of equilibration after T1s.

3.4 Foam Research Questions

Foam scientists' main goal is to develop a model that sufudspre-
dicts foam behavior from measurable properties such aslédite,
disorder and liquid fraction. Itis the aim of simulationddentify and
separate the in uences of these properties on foam respdnath-
ing simulated foam behavior with experiments providesdatlon for
the simulations.

We outline speci ¢ questions that foam scientists try toveers
about the presented simulations. For the simulation of foam
through a constricted channel important questions inclire what
range of parameters can recirculation zones be found inghgaam
corners? That is, are there regions where bubbles are ttagme
move in circles (or not at all) rather than downstream, toeesnot
contributing to the transport of material? What is the puessirop
required to force the ow through a given constricted geayfetim-
portant questions for the simulation of sedimenting discuide: Do
the two discs descend at the same speed? Do they interactufig,
and under what conditions? How do the forces exerted on esclind
uence its motion and how do they depend on their relativetpms?
For any foam simulation: what effects do topological chan@ELs)
have, and for how far do these effects extend?

one.

Visualizations of individual time steps, done using caloapped at-
tribute values, are used as the basis for, or for augmentioge com-
plex visualizations. Color-mapped visualizations areasmed with
bubble selection, with histogram-guided color-bar clampand with
T1 information overlay that shows the topological chandeksj trig-
gered in the current time step. Bubble selection and/oritigis used
for debugging (selection by bubble ID), for studying foaroperties
at certain locations in the domain ( Itering by location)for analyz-
ing bubbles with certain attribute values ( ltering by dbtrite value).

Overall foam behavior (challenge three) is analyzed usimg
image-based statistical computation and visualizaticec{8n 4.2),
and visualization of bubble paths (Section 4.4).

Foam scientists wish to understand what triggers certaiaier
in foam simulations (challenge two). Different views prawidifferent
information about the various in uences on foam behavioe &able
the examination of several views at the same time using tHepteu
linked-views (Section 4.5).

Histograms provide important information about foam datee
used for bubble selection based on the values of attribares,for
providing the context for color map clamping. They are pnéseé in
Section 4.6. Interaction operations including navigatsmiection, |-
tering, encoding and connections between multiple linkiegs [30]
are described in Section 4.7. These features are used Huouthe
application and help to address both challenges two aneé.thvete
that each simulation attribute uses its distinct color-ipalette which
is used consistently throughout the paper. We use divergahor
maps [21]: blue-red for elongation, blue-tan for pressune jurple-
orange for velocity.

4.1 Data Processing

In this section, we present the data processing applieddesfeual-
ization. We parse Surface Evolver (SE) output les, then wevap
geometric elements of the foam described by periodic bayratadi-
tions. Additional processing includes calculation of ded attributes,
bubbles' centers, bounding boxes and statistical measWescceler-

—



Fig. 3. Foam with periodic bound- Algorithm 1 Align median pressure between time steps

ary conditions (PBC). The domain - - -

is shown as a black rectangle. A f”_\ 'I;]ranslla.te all pressures in a time step with a constant vaicle that

tessellation of the in nite plane can the minimum pressure IS Zero. .

be obtained by tiling it with the do- Calculate the median pressure for each time step.
CalculatemaxMediarthe maximum of all medians.

main. Edges that do not cross a do- N . . . .
main boundary are shown in black. Translate pressures in a time step withakMedian- median) for
the time step.

Edges that cross a domain bound-
ary are colored depending on the
boundary they intersect: red for the
X boundary, green for the Y bound-
ary and yellow for both X and Y
boundaries. Arrows show whether
an edge enters or exits the domain.

ate the data processing phase by parsing and pre-procéissasteps
in parallel on all available CPU cores.

4.1.1 Parsing

Foam simulation data consists of a list of SE output les, peetime
step. A le stores the entire con guration of the simulatezshin at
a particular time step. For maximum generality and exifyiliwve
parse SE les directly instead of using derived les creatsdfoam
scientists. .Thls allows our appllcatl_on t_o Work with any slation Fig. 4. Adjustment for relative pressure. Bubbles are color-mapped
created using SE aﬁd at the same time it gives us access tottfe €0 pressure values. We show time stepst = 26 and t = 27: (top) before
state of the simulation. , o , _ adjustment and (bottom) after adjustment. The white bubble is the refer-
_ A Surface Evolver (SE) le [27] is organized into six partse di-  ence bubble. A discontinuity in pressure values is present along the line
tions and options, vertices, edges, faces, bodies and codend@he  of Ims that is moved downstream in each simulation step (Sec tion 3.3).
rst section contains, in addition to options controllinget simula-

tion, constant expressions for foam material and geompifame- 6 important scalar attributes provided by the foam sittiotteare
ters, additional attributes that are attached to geomelgiments (Ver- ressyre and volume. We derive the following attributescirtgnt to
tices, edges, faces and bodies) and functions for de niveiset con- - f5am scientists. Velocity, computed by connecting a bublolenter of
straints. A level-set constraint is a restriction of vexido lie on the masstetween two consecutive time steps, and elongatiomputed

zero '?V‘?"Se‘ of a fun(_:tlon. For |nst_ance, the fo_am coetain the by P= K(in 2D) whereP is the bubble's instantaneous perimeter and
constriction dataset (Fig. 1 left-top) is de ned using adkset con- Ais its area

straint. The lists of geometric elements (vertices, edfes and : . . .
bodies) follow the forgmat described next (Each line is casgat of In SE simulations, there are(tlwzlgh Xctua)mogﬁ of pressuﬂe&eﬁbe-
] . : - tween successive time steps (Fig. 4 top). These uctuatdm®sot
s o Teraion o o) s ptch o, ave anypysical sgn cance, b ey re  consequentesom
: L B pressure is recorded in the simulation les. We apply theepssing in
foran edge. st of ordered edges for a face, and lis of tebfaces AI9OTM 1 which eliminates pressure median variaton giekis a
for a body. Besides the built-in attributes for each elentgpe, one f;gggtgftggz';ﬂ%b(?:ti\gezng'c:zi;tf pgg?g&?&?&?%ﬂgi?g{
may specify values for extra attributes. The commandsaredtiused the bubbles relative to the pressure of a reference bubbiehvs con-

o Gur 100l can read the following optional data shat 1 savedrisy SIGered (0 have zero pressure. This s because to nd the ané
equilibrium state of the foam it is enough to calculate puesdiffer-

simulation code: a list of T1s and the network and pressurefothat gnces not absolute values. We started by calculating a bubk
act on a body. T1s are stored one per line. Each line conthis . o . -9 o0
: . . f mass assuming that its mass is concentrated in its vertidew-
time step at which the T1 occurs, and thandy coordinates of the : . o

’ ) ever this results in bubbles that appear to wobble when tesiter is
T1. The network and pressure forces are stored componeaim&E set stationary (Section 4.2). The reason for this is tha ices

variables. on one side of a bubble will pull its center of mass toward gide.

4.1.2 Unwrapping for Periodic Boundary Conditions We solve this problem by computing the center of mass, asepthe
mass is uniformly distributed on the bubble's area [1].

After parsing foam simulation data and creating the coordng
data structures, we perform additional data processingt We com- 42
pact each list of geometric elements as there can be nunghgajrs in
the list speci ed in a SE le. Then, if the foam described iRtBE le ) ) ) )
contains periodic boundary conditions (PBC) [27, 28] we tapithe Bubble-scal_e simulations can be too detailed for ob_sergg_lgeral
geometric elements so that we can display the foam. foam behavior and T1 events generate large uctuationstiibate

For a foam with PBC, the domain boundary intersected by each yalues that hide the overall trends. A good way to smooth loese
rected edge and whether the edge enters or exits the donigir8jF Vvariations is to calculate the average of the scalar eldratetime
is speci ed. All vertices are de ned inside the domain. Toarap Steps, or over a time window before the current time step.s Vhi
edges, we use intersection information between an edge dochain sualization reveals global trends in the data because lacgations
boundary. This may create vertices de ned outside the dontai un-  caused by T1s are eradicated. This results in only smalatianis
wrap faces, we follow connected edges along a face. This memyee Petween averaged successive time steps.

Image-based Statistical Computation and Visualiza-
tion

edges de ned outside the domain. We take advantage of the graphics card capabilities to leatca
N ) per-pixel average over all time steps for a given scalar. éiir so-
4.1.3 Additional Processing lution is faster than a software solution and it is argualiyper, as

We calculate each bubble's center of mass, bounding box lamd $can conversion of graphics primitives is done in hardware.
bounding box of the foam at each time step and overall, archcal We use three oating point textures stored in three framigioudb-
late statistical quantities such as histogram, minima aasgima for jects: step previousandcurrent. Even though these are 2D textures,
values of attributes. to simplify the presentation we use a 1D index to access & té¥e



Algorithm 2 Image-based statistical computation

Input: trora time step where we stop the statistical calculations,

twindow Calculate the average for the lagtingowtime steps behind
trotal
Output: average and count values f@jingowtime steps behinthgta
are stored ircurrent. Minimum and maximum are calculated for all
time stepdrotal-
t = 0; tcurrentwindow= O
Set every texel ofurrentto (0;0; max oat;min oat)
while t < tygig do
Render the foam for time stepnto step but store attribute val-
ues instead of colors.
current= previous step
previous= current
tcurrentwindow= tcurrentwindowt 1

if tcurrentwindow™ tWindow_andt > = twindowthen )
Render the foam for time step tcurrentwindowiNto step but

store attribute values instead of colors.
current= previous step
previous= current
tcurrentwindow™= tcurrentwindow 1
end if
t=t+1
end while

use index between square brackets to denote the texel at indéle
use the eld access notation from C++ to access component, B, G
or A of a texel. So[i]:R would access componefk of texel i of

DIPTSR
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Fig. 5. Visualization of the per-pixel average of attribute values for all
time steps of the simulation. We show the average of velocity magni-
tude (top) and pressure (bottom). The velocity is color-mapped using
purple-orange divergent color map. Pressure is color-mapped using a
blue-tan divergent color map (constriction simulation). Compare with
Fig. 1.

texturev. previousandcurrent textures store the result for time steps

t< nand fort nrespectively whera is the current time step. In
each RGBA texel we store a sum of scalar values, a count tlegiske
track of how many values we have rendered over that texemthe
mum and the maximum values. Textst® pstores an image similar
to Fig. 4 but instead of colors it stores the actual scalareal In our
algorithm, we use two operations between texturesidds the scalar
values stored in R, increments the count stored in G and ledésu
the minimum and maximum for the values stored in B and Asub-
tracts the scalar values stored in R and decrements the stmuat in
G. Our image-based statistical computation proceduregsemted in
Algorithm 2.

To visualize the statistical quantities calculated by Aition 2, we
use a fragment shader to render the average, count, minimome

through foam (rectangle) due to gravity. The disc is at twitediént
positionsp andq at time steps andk. The interesting area relative to
the disc also descends, so it is at positibpsandbqk. Using a xed
world coordinate system, the average is calculated by appithg the
two foam images (rectangles) and then averaging the camesmy
pixels in each image. This computation yields an incorreonila
for the area adjacent to the disdiy(+ bg)=2. By using a xed disc
coordinate system (the disc is stationary and the foam awsiad it),
the average calculation changeibg; + bqk)=2, the correct result.

4.2.2 Average around multiple moving bodies

If there are multiple moving bodies, as is the case for theikition of
sedimenting discs, we can obtain correct average valugsanound

imum depending on a variable passed to the shader. We mapf on¢he disc that is set stationary. To see correct average sat@ind

those values to color using a uni-dimensional texture. Wi @nder
texels that have the courdyrrent(i]:G) non-zero.

A visualization of the per-pixel average for velocity magdie and
pressure over all time steps is shown in Fig. 5. Comparedtyjitical
visualizations (Fig. 1 left bottom) our solution is fastghiresolution
and can use different color maps and clamping to emphasiterés
of interest.

Our application can generate an animation of the rollingaye up
to time stegd wherei 2 [1;n], andn is the number of time steps in the
simulation. With this visualization, domain experts carsalve, for
the rst time, the point at which the overall trends are clgaisible
and when any transient behavior ends. This allows the détation
of the optimal duration of a simulation such that it can cepthe dy-
namics of the underlying phenomena. For instance, thengpéiverage
animation (Fig. 5) shows that, for the constriction dataged calcu-
lated averages converge around time step 400, which meaingetty
little change can be observed in the calculated averagembeis
time step.

4.2.1 Average around a moving body

For the simulation of sedimenting discs, the areas of isteage
around each disc. A statistical calculation using a xed hdaoor-
dinate system (foam is stationary and the discs descendghrib)
would not produce useful results. To explain this (Fig. &)slsay that
we are interested in calculating the average in an area |(sinelk)
situated at three o'clock adjacent to a disc (big circle} thescends

multiple moving bodies we use our multiple linked-viewsttea. We
display two views color-mapped by the same attribute and eteas
different body stationary in each view. This way domain etgpean
study a correct sliding time window average around each hody
volved in the interaction. For a detailed description of theltiple
linked-views feature see Section 4.5.

timestep t=i timestep t=k

position p :

position g

bql b

Fig. 6. Average computation for an area (small circle) around a sed-
imenting disc (big circle) descending through foam (rectangle). Fu-
ture (for t = i) and past (for t = k) disc positions are represented with
a dashed line. For a xed world coordinate system (the foam is station-
ary and the disc falls through it), the average computation is incorrect
(bgi + bgk)=2). For a xed disc coordinate system (the disc is station-
ary and the foam ows around it), the average computation is c orrect

((bpi + bgr)=2).



Fig. 7. Where do most bubbles with negative velocity along X occur?
The top image shows the number of times a bubble with negative veloc-
ity along X covers a pixel. The range of the color map is 0 to the number
of time steps 1000. The bottom image shows the same information
overlayed with the location of T1s shown as cyan dots.

4.2.3 Sliding time window

Calculating the average over all time steps works well fer fibam

ow through a constriction. However that is not the case for sedi-
menting discs simulation, because of the important tranhsigte the
discs go through. The two discs are initially side by sideg(Eiright,

13 top), they interact by rotating about one another (Figmi@dle)

and they reach a steady state when a line connecting thearsdre-
comes parallel to gravity (Fig. 13 bottom).

We provide asliding time windowuser option which allows the cal-

culation of average only for a speci ed number of time stephihd
the current time step. This allows the study of the transitatie the
two discs go through while maintaining the advantages thexizaging
of values provide. The length of the sliding time window iss@usup-
plied parameter that depends on the duration (number ofdieps) of
the transient state.

4.2.4 Domain histogram

We can use bubble selection by attribute value (Sectionahd)the
count computed together with other statistical values t®aen the

following question: Where in the domain do the most bubblés w

attributes in a certain range of values occur? For instdfigey shows

where most bubbles with negative velocity alofgccur. Those areas

match well with the location of the T1s.

Our novel visualization solution led to insights into thdldwing
research questions: Why is a terminal separation of routgidybub-
ble diameters attained between the two discs once they lotated
about one another into a stable orientation? Why do disdsdti
erally as they sediment? To simplify our presentation wenshar
ndings using only one stationary body, instead of visuialgzmulti-
ple moving bodies (Section 4.5), as in this case it makes ffereince
to the conclusion.

4.3 Force visualization

For the sedimenting-discs simulation, the network andsuresforces
acting on each disc are saved by the simulation code. T1svanse
large uctuations in the value and orientation of these ésrcwhich
can make analysis of the simulation data more dif cult. Tduee
the distraction of the uctuations, we offer the possilyilto smooth
the forces over a time window before the current time stepeséh
calculations are integrated with the image based averdgelatons
(Section 4.2). Each force (instantaneous or average)gpotim disc

|

Fig. 8. Visualization of bubble paths. Path color is mapped to elongation.
We show: (top) bubble paths along all time steps for all bubbles in the
simulation and (bottom) trajectories that contain bubbles with elongation
at least 80% of the maximum elongation (constriction simulation). We
use a focus+context approach where the selections are color-coded and
the context paths are semi-transparent grey-scale.

is represented as a line segment that starts in the centeg dfsc and
has length proportional to the magnitude of the force.

4.4 Visualization of Bubble Paths

Visualization of bubble paths complements the image-bataistical
computation and visualizations by providing informatidnoat the tra-
jectory of individual bubbles in the simulation. The patins a useful
way to compare simulation with experiment. They also previtsight
into the overall behavior of the foam. A bubble path is detagd by
connecting the center of bubbles with the same ID in congectime
steps. When a bubble exits the domain through a boundary, @dge
enters the domain through the opposite boundary edge. Gtwase
computes the correct path in this case.

Despite the problems associated with overlapping bubbtaspa
tracing all paths simultaneously still conveys useful infation about
foam behavior. Looking at Fig. 8 top, gaps where no bubblestses
reveal themselves. This tells us that when bubbles touchllaivey
have a strong tendency to remain attached to it.

While the path visualization for all bubbles presents therall be-
havior of the foam, overlapping paths prevent tracking tath of in-
dividual bubbles. We offer three solutions to solve thishbem. We
select paths based on location (Fig. 9). We can also seléts gaat
include bubbles with attribute values in an interval spediin the his-

togram view. This way, we can observe not only the time stap an

bubbles that have certain values but the entire evoluticheo$elected
bubbles. For instance, Fig. 8 bottom image shows the bulatiles for
bubbles that reach at least 80% of the maximum elongationulA b
ble's position when it is highly elongated is colored red dmelrest of
its path is semi-transparent grey. This visualization sholearly that
the bubbles are most elongated as they enter and after tlitethex
constriction. This corresponds well with regions where th®city
gradient is large (Fig. 5 top) and with the location of T1g(H bot-
tom).

Three-dimensional bubble paths alleviate the problem eflap-
ping paths in 2D through lighting effects. They map time taghe
and enable multi-variate visualizations. We design 3D keilpiaths
by assigning each time step to a corresponding height. Catige
time steps are assigned to adjacent heights, and all heightqually
spaced. Time steps 0, 1, 2, ...are assigned to heighis2h, ...,
whereh is a user speci ed parameter. Velocity is implicitly degidt



Fig. 9. 3D bubble paths. Bubble and path color is mapped to elongation.
We show visualizations for bubbles that start in the corner upstream of
the constriction: (top) 3D bubble paths and (bottom) time step visualiza-
tions (t=0, t=361). Vertical 3D bubble paths correspond to bubbles that
do not move in the X direction. The two red (high elongation) bubbles in
the bottom-right view are attached to the wall. The length of time they
stay there is displayed as a vertical path in the top view.

in this representation. Paths of bubbles which are statyowdl ap-

pear as vertical, while the higher the velocity of bubbles ¢toser to
the horizontal their paths will appear. Paths can be colapped to
any other attribute enabling comparison of velocity to otitéributes.

We select bubbles upstream of the constriction (Fig. 9 botft)
and we visualize their paths using the 3D bubble paths vizat&n
(Fig. 9 top). Two important behaviors stand out. First, l@t@ight,
vertical paths that correspond to bubbles that have zeozigglalong
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Fig. 10. Selection and ltering using the histogram tool. We select only
bubbles with velocity magnitude values greater than 70% percent of the
maximum. Only six time steps out of 1000 contain bubbles with these
velocities and those time steps are indicated on the time slider.

4.6 Histograms

We provide both a histogram of bubble attribute values owertime
step and over all time steps. To facilitate data analysish@mtogram
is con gurable. The user can choose a maximum height, |tdyaic

or linear height scale and uni-color or color-coded displigtograms
are also used in selection and ltering of data based orbaitii value
and in color-map clamping used for selecting features efést in the
data. These interactions are described in detail in Sedtitn

4.7 Interaction

Interaction with the data is an essential feature of ourieafbn.

Navigation is used to select a subset of the data to be viewed, the

the X direction. Those indicate bubbles that are in contact with t direction of view, and the level of detail [30]. We provideetfollow-

wall. As these bubbles have high elongation, they are cdloee.
Second, we notice long straight edges associated with gtzihpan-
gles. These indicate topological changes (T1s).

Of course rendering too many 3D bubble paths causes ocalusi

Thus we can Iter bubble paths based on any of their attribstech as
velocity magnitude, pressure and elongation.

4.5 Multiple Linked-Views

Foam scientists wish to understand what triggers certaaber in
foam simulations, so the ability to see different attrilsut the same
time and to understand how different attributes relate mamother is
very important. We provide up to four different linked-vieyd 7, 24],
which can depict any of the following views: a time step viga
tion, an average visualization or a bubble path visualiratFor max-
imum exibility, each view can depict a different attribyteses its
own color-bar and can show the navigation context. Addéilyn a
histogram view for one of the attributes can be displayede fiis-
togram is used for specifying a selection criteria on aritatte value.
To set up optimal views to analyze data, users can copy Vetkams-
formations and also copy the color mapping between viewgtieg
the same attribute.

We provide twaoconnection operationf30]: a time connection and
linked-selection connection. Each view is linked to the saime step,
as foam scientists want to understand what gives rise tainesffects
when they are studying foam behavior. Linked-selectionkadry
showing how data selected in one view appears in other vidlus
is used to see, for instance, the elongation of high predmibkles or
both pressure and elongation for bubbles involved in a Thteve

ing navigation operations: rotation around a bounding benter for
specifying the direction of view, and translation and saafior spec-
ifying the subset of data and the level of detail. A navigationtext
%Fig. 14 left) insures that the user always knows its locatind orien-
ation during exploration of the data.

We canselect and/or Iter bubbles and center paths based on three
distinct criteria: based on bubble IDs, to enable relatmthe simu-
lation les and for debugging purposes; based on locatiohutfbles
(Fig. 2 and Fig. 9), to analyze interesting features at oettgations
in the data; and based on an interval of attribute values splagsing
the histogram tool (Fig. 8 right and Fig. 10). A compositeestbn
can be speci ed using both location and attribute values.

Selected bubbles or center paths constitute the focus ofisur
alization, and the rest of the bubbles or center paths peavid con-
text [14]. The context of the visualization is displayedngsuuser-
speci ed semi-transparency, or it can be hidden altogetiiég. 10
shows how selection and ltering is performed using the dasam
tool. We select velocity magnitude values greater than 70%he
maximum (using a selection brush). Only six time steps outQff0
contain bubbles with these velocities and those time stepsndli-
cated on the time slider. The user can easily navigate teethiose
steps. The upper image shows one of those time steps, withidsub
with velocity greater than 70% in focus.

Encoding operations are variations of graphical entities used in a

visualization that emphasize features of interest [30]. pidide en-
coding operations to change the color map used, to speefatige of
values used in the color map and to adjust the opacity of seliza-
tion context. Selection of the interval used in color-maygpis guided
by the histogram tool (Fig. 11). This provides essentiabiinfation
for selecting an interval that reveals features of interest



Fig. 11. Color-map clamping guided by the histogram tool. This is a his-
togram of the constriction simulation which uses the logarithmic height
scale. This histogram shows that relatively few bubbles (determined by
T1s) have high velocity.

4.8 Limitations and Drawbacks

Our system has the following limitations. Sending the dat&8D bub-
ble paths (Section 9) to the graphics card is slow (a coupteadnds).
Navigation operations are interactive afterwards.

Bubbles with vertices on level-set constraints (Sectidh14.are
not accurately represented. Any bubble edge that lies omstraint
should be represented by the function described in the deteather
than the current approximation of a single line segments Thuses
the artifacts visible at the corners in Fig. 5.

Fig. 12. High velocity bubbles outside the constriction are caused by
T1 events (green dots). Time steps t=62, t=63 for the simulation of
foam ow through a constriction. Bubbles are color-mapped t o velocity
magnitude. The color bar is clamped to about one tenth of its range to
highlight the high velocity in the constriction area. The highest velocities
are caused by T1 events.

than the other? In Fig. 13 top, we see that the disc on thetrigjtg the
disc on the left as a result of the initial arrangement of theainding
bubbles. Fot = 0, the network force acts downwards for the disc on
the left while the pressure force is negligible. Howevethheetwork
and pressure forces act upwards for the disc on the right.diffes-
ence in the network force exerted on each disc is due to tfereift

Our measure of elongatioR=_ A, depends weakly on the numberdistribution of Ims in contact with each disc. Similarlj¢ difference

of sides of a bubble and, more importantly, does not indicathe
direction in which a bubble is elongated. We expect to addtlesse
limitations in a future version of the program.

5 RESULTS

We present results and analysis obtained by domain sdenising
our tool. The results presented in Section 5.3 and Sectibrefuire
analysis of multiple moving bodies, which is done using thétiple

linked-views and multiple stationary bodies. To simplifgpentation
of results for the sedimenting discs simulation, we descoibr nd-

ings by setting only one body to be stationary.

5.1 High velocity bubbles outside the constrictions are
caused by T1 events

An unexpected behavior of the foam detected in the simulatand
shown by our visualizations is that the largest velocitiesexhibited
not when foam moves through the constriction but at whatapgtears
as seemingly random times and positions (Figure 12).

For this reason the color bar is clamped at about one tenttedbt
tal velocity magnitude range. Previously, foam scientigisothesized
that those high velocities are caused by topological cha(ifks). We
can now verify this hypothesis by matching T1 positions withsi-
tions of high velocity bubbles. Fig. 11 shows, by using thibeigy
magnitude histogram, that only a few bubbles have very higjhor
ity magnitude and determine the upper limit of the velocitggmitude
range.

5.2 Why does one disc initially descend quicker than the
other?

An important question foam scientists wish to answer relédevhat
triggers the interaction between the two discs in the sitraraf sed-
imenting discs. That is, why does one disc initially descquoitker

in the pressure force exerted on each disc is due to the etiffes in
the shapes of bubbles in contact with each disc. As a rekaltisc on
the right is left behind. It is the initial con guration of éhfoam that
decides which disc gets left behind (the disc on the righh&dase
shown).

5.3 Why is a terminal separation of roughly two bubble di-
ameters attained between the two discs?

To answer this question, we investigate the shape of bulbletegeen
the discs once they have reached this separation. Usindiagstime
window average of bubble elongation over 10 iterations, b&eove a
competition between the effects imposed by each disc orotra.fWe
expect bubbles in front of the trailing disc to be compressadi bub-
bles in the wake of the leading disc to be stretched, so th@igation
is high in both cases. However, it can be seen in Fig. 13 bel&im
that the competition between the stresses applied by eachrebults
in a lower than expected deformation of the foam occurringvben
the two discs. This competition results in the bubbles itwieen the
two discs remaining (roughly speaking) undeformed. As altethe
forces experienced by each disc become similar. A termepdstion
of two bubbles is attained between the two discs, althoughtils is
two and not, say, one or three is a question to which we wilirrein
future work.

5.4 Why do discs drift laterally as they sediment?

To gain insight into this question, we consider how the pressnd
elongation eld of the foam evolves as the discs descend.olict
be seen from previous visualizations of individual timepstéhat the
pressure eld is not symmetric during the rotation of the tdiscs
about one another. This is validated by images produced) ursiage-
based statistical calculation and visualization,shéing time window
andstationary bodyfeatures in FoamVis (Fig. 13 middle and bottom).



Fig. 13. Three time steps in the sedimenting-discs simulation: (top)
Beginning of the simulation t = 0. (middle) The discs rotate about one
another, t = 43; (bottom) Behavior near the end of the simulation, where
the stable orientation of the discs is approached, t = 246, Each time
step contains two views: with bubbles color-mapped to elongation (blue-
red palette) and pressure (blue-tan palette). For time steps t = 43 and
t = 246 we show a sliding time window average over 10 iterations for
both scalar elds and forces. The stationary disc is marked w ith a black
circle and the moving disc is marked with a yellow circle. We use black
for the network force, yellow for the pressure force and green for the
resultant force (pressure + network force) that acts on a disc. Note the
incorrect average calculation around the moving disc (yellow circle) with
high velocity (middle).

Here, it is observed that a region of higher pressure ocoutsetright
of both discs during their descent. The deformation of tharfds

such that bubble pressures contribute to the drift of thesdis they

sediment.

We can also observe that the network force initially coniiéls to
forcing the rear disc to move laterally (Fig. 13 middle-Jefdowever,
once the discs have moved closer to their stable orientaitids the
pressure force that is driving the lateral drift (Fig. 13tbot).

5.5 Pattern of bubbles traversing loops

For two discs sedimenting through a foam, our paths visatdin
shows that bubbles traverse loops to provide space for tbeedd-
ing discs. This behavior is not observed in standard vizsattins
used by the domain scientists. Fig. 14 left shows bubblespattor-

mapped to velocity along thé axis, with orange showing downward

velocity and purple showing upward velocity. The orangaarehigh

velocity along theY direction shows the paths of the two discs, andm

the black rectangle marks the region magni ed in the righaga. A
loop consists of a downward segment (colored orange) angaard
loop (colored purple). A bubble traverses the downward ssgras
a descending disc approaches it. Then it traverses the dpoap as
the disc passes by it. The bubble avoids the falling disc hed tlls

the space that it leaves.

Fig. 14. Pattern of bubbles traversing loops not previously observed by
domain experts. The bubbles paths are color-mapped to velocity along
Y, with orange indicating descent and purple indicating ascent. The left
image shows the bubble paths over the entire simulation. The red area
shows paths of the two discs. The black rectangle shows the region that
is magni ed in the right image.

6 CONCLUSIONS AND FUTURE WORK

We described the foam research application area and wenpeelsa
novel application that provides various techniques foretkigloration,
analysis, and visualization of foam simulation data. Ouwl teali-
dates previous hypothesis and yields a more conveniergseptation
of simulation data. Application scientists using our tocika new
discoveries and gain insight into foam behavior. Based emtany
research questions that domain experts are able to addesglieve
we provide a valuable tool for visualization and analysidata in the
foam research community.

We believe there are many opportunities for future contiiins
of visualization to foam research. In the future, we wantreate a
composite image describing attribute averages aroundaeaveving
objects, include other measures of elongation such as xh&éeten-
sor [11] and provide visualizations for 3D foam simulations
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