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James Skorupski
Computer Science Dept.
UC Santa Cruz
Santa Cruz, CA, USA
jskorups@cs.ucsc.edu

Zoé Wood
Computer Science Dept.
Cal Poly, San Luis Obispo
San Luis Obispo, CA, USA
zwood@csc.calpoly.edu

Alex Pang
Computer Science Dept.
UC Santa Cruz
Santa Cruz, CA, USA
pang@cse.ucsc.edu

Figure 1 - Simultaneous Experiments. A pseudo-eaddollow cloth bowl with three pinned verticesisulated collapsing
under the force of gravity. Each image depictssdmme moment in time for the same mesh, with deicr@asembrane and
bending energy constants, from left to right.

Abstract

Realism has always been a goal in computer
graphics. However, the algorithms involved in mikimg
the physical world are often complex, abstract, and
sensitive to changes in experimental parameters. We
present an interface to a physically-based algworith thin
shell animation, which focuses on visualization,
experimentation, and control. Through the use ofadyic
surface coloring, abstract visual cues, robust user
interaction, and full control over the algorithnrgaeters,
our system facilitates experimentation and the gssf
discovery. The system is targeted at enhancingisee's
learning experience by clarifying interactions bedw
various components of many physically-based anomnati

1 INTRODUCTION

One of the driving goals in the field of computer
graphics is to artificially mimic reality. While ¢hultimate
purpose of the resulting imagery may vary from
entertainment to scientific application, the ungiex
algorithms are all mathematically intensive. Graphi
algorithms that are based on real phenomena, ssch a
fluid dynamics, rigid body dynamics, and the trarsmf
light, are known asphysically-based models [1]. As
technology advances, more complex physically-based
algorithms continue to develop, and computer sigent
wishing to design physically-based algorithms emteu
an increasingly varied amount of scientific theoty.
addition, many modern computer science students
encounter only a limited selection of math couisebeir
curriculum [3], [6], [11].

We present a model application designed to help
the user understand the complex workings of a phifgt
based algorithm and augment their learning expegien

with direct, visual interaction, through the usedghamic
coloring, abstract visual cues, mouse interactao full
control over the algorithm parameters. The system
encourages the exploration, discovery, and undeistg

of the mathematically intense concepts that ungleali
physically-based algorithm. Our interface is sgealfy
designed for interacting with aphysically-based
animation algorithm. These types of algorithms facilitate
a natural graphical interface, because they miricical
motion which can be observed and readily confirrired
the real world.

The program we created to demonstrate our
interface is called Interactive Thin Shells (ITS)The
underlying physically-based algorithm simulates the
dynamics ofthin shells, which are flexible structures that
have a high ratio of width to thickness and havénéral
three dimensional non-flat shape that affects ritsrgetic
reaction to change from that initial shape [9]. TR&
environment allows us to directly demonstrate haw o
interface can be used to investigate the propediesn
algorithm and interact with it in an intuitive and
educational manner.

2 RELATED WORK

The thin shell algorithm implementation in ITS
is based on a standard physically-based animatimhem
described in detail in the work of Baraff and WitKil].
Our implementation of the physical system is based
simplified constraint model based partially offpyEvious
work of in the area of thin shells [9] and massgpr
cloth simulation [4]. Fundamentally, the ITS
implementation is equivalent to a cloth animatioadel
with some maodifications that support non-planatiahi
configurations and the stiffer internal forces hiintshell
materials.



The ITS system also employs backward Euler
step implicit integration to progress the simulati@as
described by Baraff and Witkin [2]. The implicit thed
provides for numerical stability that is criticah ithis
particular situation [1]. Thin shell materials tgplly
exhibit very little deformation within the surfacd# the
material itself, and require high resistance tes¢hocal
changes. Because of this, our simulation will eiqrere
regions of high energy in response to deformatidmere
implicit differentiation allows for reasonably sidime
steps [1]. Our particular implementation of the licip
method is based on the work of Dean Marci of thelln
Corporation [12], [13], [14].

The user interface of the ITS environment takes
the attributes of the underlying physically-based
animation model and provides a simple, intuitivieiface
that is designed for an individual who wishes to
understand the capabilities and theoretical compisnef
the model. Similarly, Burgoon [5] demonstrated an
interface to a thin shell simulation based on ariga
folding and the discrete shells model of Grinsptal ¢9].

In general, there is little previous research tddresses
an interface design to physically-based animation,
however, the field of computer-based scientificidation
provides another source of research.

The general capabilities of the ITS environment
are based on the work of Michael Rooks [15], who
defines a set of requirements for general visuarattive
simulation (VIS) software systems. VIS systems, as
defined by Rooks, simulate real world physical
phenomena as accurately and completely as possible.
contrast, physically-based animation methods aim to
achieve convincing visual realism without a requoiesit
for accuracy. However, the goals for VIS systeemsain
accurate as it is strongly based on experimentaRaok
describes a complete VIS system as one that fasilffl)
Intervention, (2) Inspection, (3) Specification,da)
Visualization [15]. The ITS environment satisfiesch of
these requirements by providing direct control bé t
meshes involved and procession of time (Intervetio
access to and customization of all relevant mdteuia
simulation attributes (Inspection and Specificaticand
visual feedback of the resulting simulation andeitfect
on the dynamics of the thin shell model (Visuaial.
The ITS environment is designed such that a curious
student or computer science practitioner is able to
discover all aspects of the thin shell model, idgig its
efficiency, capabilities, limitations, and resugjitevel of
visual realism.

3 THE ITS SYSTEM

To allow the user to experiment with physically-
based animation, ITS provides an animation algorith

user interaction with that animation system, visadion
of animation parameters, and a playback systentote s
and repeat animations. The following section higjttt
these major features of the interface. For completails
about the entire system, see [16].

3.1 Animation algorithm

To facilitate the experimental capabilities of the
ITS interface, a number of animation features are
included. The most important feature of the simatais
its dynamic material and global parameters. The ITS
interface is able to, at any time in the simulatiafiow
modification of any of the thin shell membrane or
bending parameters, as well as the time step gia®jty
force, integration mode, and any environmentaligioth
objects. This modification does not adversely dffiae
progress of the simulation, and ensures that useans
experiment with many simultaneous parameters. Other
features of the animation system include constaant
vertices, which can disable up to three degredseetiom
and the ability to switch between explicit and imopl
integration modes without any errors in the siniafat
To allow for a large number of varying thin shdibpes,
the simulation is also able to load arbitrary méigs. In
addition, to introduce a varied environment for the
shell interactions, the system supports collisibesveen
the thin shell and a sphere or cube objects. Figdrand
6 illustrate collision objects and constrained iced,
respectively.

The forces and constraints that act on the
underlying physical system in ITS are a simplifiefsion
of the internal forces that are present in previwosk on
cloth and thin shells [2], [9]. The membrane, oplane
forces in our algorithm are based on the lengtledijes
between vertices and the bending force is a simglif
form of the piecewise geometric bending energy2h [
[9]. This bending force simplification, which isd®d on a
simple linear constraint across the shared edgepair of
triangles, is similar to the bending forces of itiadal
mass-spring particle-based cloth models [4].

The ITS environment supports adaptive time
steps to help ensure stable and real-time intenactt all
times. Upon each iteration of the simulation, rapid
changes in position or velocity invoke an automatés
reduction in the time step size down to a fixeddolimit.

If this divergent behavior continues, the simulatio
proceeds without reducing the time step, and mstithe
ITS interface of the problem. However, if a stable
iteration occurs, a lowered time step is subsedyent
increased incrementally, up to a user-defined upper
bound.



3.2 User interaction

Live and paused interactions with the simulation
are treated independently. When an animation &, lor
playing, the user is able to select and move amiexeén
any experiment using the mouse. The selected véstex
moved by a spring force between the projected mande
vertex locations along a plane that is perpendicialahe
camera and intersects the original vertex locatibims
movement method allows for smooth and natural
interaction that is compatible with any cameratiotes or
translations (See Figure 6). To avoid numerical
instability, the vertex of interest is not directiyoved by
the mouse. When an animation is paused, the usgr ma
click and select any vertex and choose to “pin“wnpin”

it. Pinning a vertex enforces a constraint with ozer
degrees of freedom on the vertex of interest, and
unpinning a vertex releases any constraints. A qunn
vertex cannot change velocity or position in thetual
world. As an example, the rear rim vertices oflbevl in
Figure 1 have been pinned using this technique. USee

is not allowed to move the positions of any veligéile

the animation is paused, because this might inttedu
numerical instability caused by instantaneous ckarg
position.

To allow useful comparative analysis, the ITS
system supports simultaneous live or paused user
interaction of multiple experiments in parallelnce all
experiments share the same mesh structure. Wheera u
performs a live or paused interaction with any ludése
common vertices, the ITS environment attaches
simultaneous constraints and forces on all meshes.
screenshot of the process of synchronized expetimen
interaction is displayed in Figure 4.

3.3 Visualization

The ITS environment provides two visualization
enhancements, dynamic force histogram coloring and
temporal cache, to complement and enhance real-time
interaction with the physical model.

3.3.1 Dynamic force histogram

In the ITS environment, it is important that the
user be able to visually distinguish between theoua
forces acting in the simulation, so that he or shey
readily explore the effects of various types oérattions,
and recognize changes in the resulting simulafianthis
end, the user may choose to view color represenabtf
the force values for the membrane, bend, or tatadels
for each vertex within the system. When any of ¢hes
views are chosen, each vertex is colored accortting
histogram with a discrete set of colors that varyhue
attributes, as pictured in Figures 2 and 3. Thigppig
from the large range of possible force values serées of

discrete colors ensures that resulting coloring ehod
exhibits sufficient variations to be perceived byet
human eye. This is important for determining arefs
interest and performing comparative analysis. The
difference between a traditional histogram andahe in
the ITS environment is its dynamic range and fdoce-
color mapping capabilities, which are accomplished
through compression and equalization algorithms,
respectively.

3.3.2 Histogram compression

The histogram compression algorithm, outlined
in Figure 2, attempts to analyze a histogram anasathe
upper and lower ranges so that the force values are
distributed evenly. To distribute the values eveifiyhe
boundary segments contain more than twice as many
values than the average number of values per se¢gheen
algorithm iteratively expands the range. Expansioturs

by widening the range boundaries to the averageevial

the edge range segments. Alternatively, if non-edge
buckets in the histogram have more than twice the
average number of values in each segment, the range
slowly compressed. The boundary value compression
occurs in half segment increments.
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Figure 2 - The ITS histogram compression algorithm.

Due to the fact that the compression algorithm
analyzes only the resulting histogram table segsant
their distributions during each iteration, our algom is
simple and fast, but limited in precision. It dopet
necessarily converge on an ideal range size dubeo
heuristics used in expanding and contracting thgea
As a result of this imprecision, there is a chatied the
algorithm will oscillate the distribution of rangelues
about an ideal location. To prevent this, boundaalue
adjustments are buffered and limited to 50 iteretio
3.3.3 Histogram equalization
Like the histogram compression algorithm,
histogram equalization attempts to evenly distebiatrce
values across the entire histogram, to allow fdization



of the full discretized color spectrum for compamat
force analysis. However, this algorithm performs a
nonlinear transform on force values based on the
cumulative probability distribution of those valuékhe
resulting color values reveal difference in rangdugs,

but the ranges are no longer of a uniform size, and
comparisons across range segments in the same image

cannot be made easily (See Figure 9).
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f(D,) = max(0,round[D,, * (n,/ N?)] -1])
Figure 3 - Histogram equalization

The histogram equalization algorithm is based on
previous work in image processing, and the theetyirxl
its continuous and discrete formations can be found
elsewhere [8]. Figure 3 shows the discrete equatiahis
used in the ITS implementation of histogram eqadilimn.
In the equation, Rrepresents an arbitrary force valug, D
is the number of color levels in the histogram,is the
number of values at force vallkeor less, andN is the
total number of force values in the data set.

When requested, both the compression and
equalization algorithms can analyze a single fraofie
force values or all frames and therefore all fovedues
that have been recorded. The analysis of all padt a
present frame data results in a histogram thaptisnized
for an entire run of a simulation, and has theitgbtb
show, on average, an adequate distribution of cfuor
any given frame in the animation. In order to amalgll
frames of force data, the temporal simulation caishe
accessed.

3.34 Temporal cache

The ITS application stores a circular, fixed-size
buffer of previous simulation data in a cache sat the
user may navigate to a previous time step and aadhe
state of the animation. A slider bar in the useerifiace
controls the playback of the cache. The histograset
force value pseudo-coloring feature may also béleda
when viewing the cache, so that previous forceesbtan
be observed and analyzed. The buffer keeps tratckeof
locations of all vertices in the animation, as wasl per-
vertex force values. In addition, the material paster
settings for each experiment are stored in thiheaas
well the time step and gravity settings. In thisywthe
user is able to see the exact progression of thmagion
and determine the cause of various behaviors.
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Figure 4 - The ITS Graphical User Interface. Thieesps
and cube are obstacles with which the material can
collide.

4 RESULTS

In this section, we will highlight some of the
important features of the ITS environment thatwallbto
act as a truly free form experimental environment.

4.1 User interface overview

The main ITS user interface is displayed in
Figure 4. In this screenshot, a user is interaatiitg four
simultaneous experiments with varying strengths of
membrane and bending forces, and has histograne forc
coloring enabled. Regions A-G contain buttons feeru
interaction’s described in the previous section.or F
specific details see [16]. Region G highlights thsual
representation of the force histogram, as discussed
Section 3. At the bottom, region H outlines theugraf
controls that allow the user to play back cachdthation
data, and select any frame of interest for furtosalysis.
Finally, region | marks the visual cues for the reat
adaptive time step status. Each of these barsseptethe
size of the current time step for each experimemt o
screen, in relation to the targeted time step atéid in
the global preferences panel on the right side haf t
screen.

4.2 Animation features

As expected, the explicit mode requires an
extremely small adaptive time step, on the order of
0.00001 seconds, 1/10ahe size of the implicit mode
time step, in order to keep the animation stalfigure 5
demonstrates a set of simultaneous experiments with
varying membrane K constants and bending force,k
constants. From left to right,, k k, = 100000, 12500,
1562, and 195, respectively. Each displayed frafmbe



experiment is shown at the same moment in time, and
demonstrates varying reactions to collisions orneth
vertex constraints.

Figure 5 - Two mesh experiments: A falling half sph
impacting an invisible cube and a ring, pinned sihgle
point, shown at the same moment in time, with desireg

membrane and bending force constants.

Figure 6 - Live user interaction. The blue conpoints
resting on the plane represent vertices constramede
dimension.

4.3 User interaction

The screenshots in Figures 1 and 6 demonstrate

the paused and live interaction modes, respectividig
hollow bowl in Figure 1 has three rim vertices mdn
while the rest of the mesh is left to succumb tavdy.
Each displayed mesh has a varying level of benftirae,
and is shown at the same moment in time. Fromtdeft
right, the bending force constantsg, lare 100000, 12500,
8000, and 2000, respectively. As is expected, thel b
loses its structural rigidity when its bending ferds
reduced. Figure 6 demonstrates live user intenactsing

a spring force. Here, the user has selected thewer
colored by a red control point, and is dragging ¢hesor
towards the blue control point, which represenéstéiriget
constraint location. In addition, force coloringeeabled,
revealing the redder regions of high force. Thewrin
the screenshot shows the direction of force.

4.4 Visualization

In the screenshot in Figure 7, a hollow cylinder
lies flat on the floor, and its surface is colomxtording

to the histogram coloring scheme. Force vectorsatse
visible on its surface, which augment the coloring
indicating the direction of the force currently hei
viewed.

Figure 7 - Visible force vectors and force-basedere
pseudo-coloring
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Figure 8 - The progression of forces in four drappe
cylinders with varying internal force contributions

Similarly, Figure 8 shows the progression of
force coloring at various frames of an animatianthis
example, four simultaneous experiments with a mesh
cylinder of varying membrane and bend constants are
analyzed, with membrane forces only enabled in the
upper left, upper right, and lower left frame, atudal
forces rendered in the lower right frame. The fiframe
demonstrates the membrane energies canceling eut th
gravitational force on the top of the cylinder, andidual
vibration between the floor boundary and the botwim
the cylinder introducing a small amount of force the
lower side of the object.



The histogram compression and equalization
algorithms are displayed in Figure 9. The planehrias
this screenshot has its upper left vertex pinnatially,
the force histogram distribution is insufficient rfo
revealing the force variations on the mesh atstage in
the animation. In the middle frame, the histogram
compression algorithm has altered the range as msidh
could while maintaining fixed size range segmeimtshis
state, the image has a larger contrast and thatiars in
the forces across the upper region of the meshmare
apparent, but much of the lower region shows vétig |
visual variation. In the rightmost frame of thigdre, the
equalization algorithm properly distributes the cfor
values across the histogram, at the expense af finéor
range segment sizes. In this final stage, the force
variations are very visible, but judgments abougirth
relative force intensities would be inaccurate, dhe
nonlinear force value mapping.

A

Figure 9 - Histogram compression and equalizafitie
original histogram range (left), the compressedjean
(middle), and the compressed and equalized raigjg)(r
4.5 Thin shell model weaknesses
Due to the visualization and control features of
ITS, we easily and directly observed a weaknessesui
thin shell model. As mentioned in Section 3, thadieg
forces in our physical model are simple linear t@sts
across the shared edge of two triangles. Givensa re
condition in which the angle between a pair ofrigles is
close to 180 degrees, any bending that occursnatllbe
resisted strongly until the bending angle has alddrfar
from that nearly flat configuration. This occurschase
the linear bending constraints are nearly paratiethe
pair of triangles, and imbue little force along th@mal
of each of the triangles until a large amount of
deformation occurs. The weakness in this approxanat
is readily observable within ITS as structural wesds in
certain meshes, such as the cylinder mesh in Figure
Even with extremely high bending force constante t
cylinder deforms easily during collision or useitiated
interaction, due to the nearly parallel angles leetweach
adjacent polygons in the mesh.

The ITS interface also reveals another inherent
weakness which stems from the discrete nature ef th
animation. This weakness is not unique to our
implementation, but extends to any physically-based
animation model that relies on a discrete geometric

formulation of an object. The weakness is illugtdain
Figure 10, where a v-beam is constrained on anecsitie
and left to hang under the force of gravity. Bothners
of the beam should exhibit symmetric force disttidns
but they do not due to the discrete triangulatiérthe
mesh. This structure results in one corner vettiax has
three membrane constraints to neighboring vertiess,
seen on the right frame of Figure 10, while theeoth
corner vertex in the left frame has connections wito
neighboring membrane constraints and a single, areak
bending constraint across to the neighboring tieang
Therefore, the inherent discrete geometry of thaleho
prevents it from accurately mimicking the symmetric
forces that would have resulted from a similar reatld
experiment with a thin shell material in a similar
configuration.
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Figure 10 - Unrealistic Forces. Two panels (lafht)
show bending force views of two sides of the same
experiment on a v-beam with pinned vertices. Theds
are asymmetric due to the underlying triangulatibthe
mesh. The black lines indicate triangle edges.

4.6 User feedback

The ITS interface was tested by several expert
researchers working in the field of physical sintiola
from two different research labs. Users reported the
open, experimental framework encouraged them tg pla
with simulation parameters, which they found to be
valuable. In particular, they found the side-byesid
experiments with varying parameters and the tenipora
cache play-back features to be useful when exmjoan
simulation [10], [17]. A thorough user study igtléor
future work.

5 CONCLUSIONS AND FUTURE WORK

The Interactive Thin Shells application provides
an experimentally-focused, open, informative andyve
accessible interface to a physically-based animatio
algorithm. The careful research of Michael Roolsuhed
in specific system requirements and framework f¢& V
applications [15]. These specifications served dmsic
guide for the construction of our system. Ultimatddy
providing features that allow for thorough intertien,
inspection, user-driven specification, and viswalan of
the underlying physical model, we satisfied eachhaf
VIS requirements in multiple ways, so that the Us®s a



large variety of useful visualization and interaati
mechanisms available at all times.

The ITS visual feedback worked so well, it
allowed us to identify weaknesses in the chosenghell
model. While the bending angle constraint simpdifion
was known to be imperfect, the subtle behavior efikv
bending forces at extremely obtuse angles and their
results on the animation as a whole were only alwio
after carefully exploring simultaneous experimeiois
multiple meshes while varying specific parametdrs.
addition, the force coloring patterns in specifimned
mesh configurations were another clear indicatat tur
simplistic bending force was not a completely adegu
model in many cases. The additional discovery of
asymmetric forces due to the triangulation of thesm
was another phenomenon that was found only afeofis
the ITS interface. In this case, the histogram casgion
algorithm was essential in allowing us to perceikie
force asymmetry in the v-beam mesh in Figure 1G fau
the fact that many physically-based animationsizetil
discrete representations, such as triangles meshes,
ability to discover and analyze the flaws in these
approximations is an extremely valuable featurethef
ITS interface, and further exhibits the usefulnetshe
tool in situations outside of thin shell animation.

Future work includes improving the force
coloring scheme by implementing a form of intellige
surface shading that does not excessively obstee t
force coloring, yet preserves the surface shadirigp
make the ITS program widely available, ideally, its
visualization and analysis components could be
generalized into an API for a large assortment of
mathematically intensive animation models.
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