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Abstract

Visualizing 3D continuum or time-varying simulation (scalar) datasets is difficult
because of the immense amount of data to be processed and understood. Further-
more, these datasets may contain many evolving amorphous regions, making it
difficult to visually follow features of interest. In this paper, we present a process
for analyzing continuum datasets and review some of our previous work on feature
tracking. We show how the tracking information can be used to enhance standard
rendering and enable new visualizations. The tracking is demonstrated on different
application domains including turbulence, weather and inlet design.
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1 Introduction

Continuum or time-varying simulations and observations are commonly used
to study the evolution of different physical phenomena. Once the evolution is
captured, the scientist can attempt to understand the underlying cause and
build predictive models. For example, meteorologists track cloud formations
for weather predictions and hurricane warnings, environmentalists study the
the change in the ozone “hole” for knowledge about the greenhouse effect, and
aeronautic engineers look at the movement of air over an airplane for better
aircraft design and control.
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he data resulting from continuum simulation is immense. nstead of ust one
dataset of or for regular gridded simulations there now could
be hundreds to thousands of timesteps. nalysis and visualization tools are
crucial to help interpret all the information. he most commonly used visual-
ization techni ue for time-varying scalar datasets is animation. ach dataset
is visualized using isosurfaces or volume rendering, and then a movie is made
from all of the individual frames. Other researchers have tried to exploit the
time-coherence to speed up visualization and volume rendering . hile
this is very helpful, it is not su cient for datasets with many evolving co-
herent regions ”features” such as cloud formations or eddies. hese features
are constantly changing and moving and it is very di cult to follow and see
patterns in . Furthermore, information about the evolution may be of in-
terest. For example, it is usually important to know how many regions are
evolving, what are their lifetimes, do they merge with others, how does the
volume mass change, etc.

herefore, tracking routines are needed to follow identi ed regions over time.

he rst step is to de ne what regions are of interest and then to track them in
all of the timesteps. n this paper, we review some of our previous work in the
area of feature tracking , and we demonstrate the generality of the feature
tracking routines by applying it to different domains. e also show some
other uanti cations visualizations which are possible once feature tracking is
determined. xamples of standard time-varying animation and feature-tracked
animations can be seen on our web site

roc or iu 1in 1 r in t t

basic framework for analyzing time-varying datasets is shown in Fig.
he goal of the process is to obtain dramatic data reduction and thus help
scientists uickly focus on a few features or events of interest.

he rst step of the process is to identify the and to de ne
them. Once they are de ned, they can be extracted from each dataset, sepa-
rating the datasets into features and background. f the timesteps are sampled
su ciently, tracking can be done to correlate the features from one timestep
to another. Once all the features are correlated, they can be uanti ed com-
pared, measured, etc. to obtain full analysis of the evolution of each feature.

his information can be used to produce a better visualization and to help
catalog massive datasets.

very domain has a different de nition for
ome general de nitions include selective and iconic visualization
, ob ect segmentation , volume intervals , and deformable surfaces



Fig. . process for visualizing 3D continuum datasets

hese methods attempt to separate connected regions from the back-

ground and t bounding surfaces to these regions. he regions are de ned

based upon some value such as threshold interval, shape, vector direction, and

neighborhood connectivity. Furthermore, each domain can have speci c def-

initions such as vortex cores or shock fronts in Computational Fluid
ynamics.

hresholded connected components are a natural rst step at de ning fea-
tures because standard visualization routines, such as isosurfacing and volume
rendering, display these types of regions. Furthermore, for many applications,
connected components are the phenomena of interest e.g. low pressure fronts,
eddies, and storms . hile this is a simple de nition for a feature, it is ubi ui-
tous and general and used in almost all scienti ¢ domains. n , , , aregion

lling algorithm is described to extract connected components. he region is

lled from the “seed” value until the boundary threshold value is reached.

he seed can be chosen automatically using extremal values. n addition to
the actual voxels, global properties such as the centroid, integrated content

C , mass, moments, volume, and circulation are computed and stored for
each separate feature. hese features can be visualized by using volume ren-
dering or by tting a surface around the boundary. n example is shown in
Fig. . Fig. a shows timesteps of a turbulent dataset visualized
using standard isosurfaces. egmentation was then performed so that each
connected region has its own identi able surface which can be colored by any
one of the feature s properties Fig. b . ach feature is given a uni ue

for reference.



Fig. . seudo-spectral simulation of coherent turbulent vorte structures with

resolution (vorticity magnitude), isosurface threshold .- timesteps. (a)
without feature tracking (b) with feature tracking each feature is tracked and color
coded (c) backward isolation the origins of a feature from t are shown (d)

Integrated-content of features from (c).

feature based approach is useful for many reasons. y focusing on regions-

of-interest,the amount of data that must be analyzed and visualized is reduced
. Furthermore, for large datasets with many features,

can be reduced by choosing individual features for study and compar-

isons.  feature based approach is also good way to classify many datasets

and can be used as the basis for event searching. n example of event search-

ing is given in Fig. . he bottom four datasets from a CF simulation of
vorticity demonstrates what happens to scalar vortex tubes during

he top is a typical simulation with timesteps visualized using



Fig. 3. Searching for reconnection events

isosurfaces. oosely de ned, reconnection is the rapid collapse of antiparallel
vortex ux tubes, the dissipation and breaking of vortex lines in each tube,
and the subse uent connection of the vortex lines in one tube with those in the
other . ortex reconnection has been connected with intermittency in tur-
bulence, nite-time singularities in uler e uations, noise in ets, and in the
three dimensional shock-interface problems. any reconnection events may
be present over an entire CF  simulation, however, nding the events man-
ually in a large time series is a di cult task. hile there are many criteria
de ning the event, examining the scalar dataset and identifying
merging splitting thresholded scalar structures is a rst step since this is a
necessary but not su cient condition for reconnection. utomatic feature
tracking can uickly nd where the scalar features merge and isolate time-
intervals for further vector based investigation.

ou r ¢ in

Once we have de ned features, we can characterize the evolutionary events
present in continuum scienti ¢ simulations as , ,

, and . hese are shown in Fig. . For

, one feature continues from a dataset at time  to the next

dataset at time . otation or translation of the feature may occur and

its size may remain the same, intensify become larger - grow , or weaken

become smaller and begin to dissipate . For , a new feature appears

i.e. cannot be matched to a feature in the previous dataset . For
, a feature weakens and becomes part of the background. For ,
a feature separates into two or more features in the next time step, and for
two or more features merge from one time step to the next.

atching features from one time step to the next is known as the
and is a well studied problem in Computer ision see for



Fig. . Tracking interactions ( ) continuation, ( ) dissipation, (C) bifurcation, (D)
amalgamation and ( ) creation.

example . n and algorithm is presented which tracks features in
time-varying simulation datasets. Features are matched based upon maximal
area overlap and an octree is used to keep the matching hierarchical. feature
from a dataset at time is intersected with the next dataset at time
and a list of candidates is compiled based upon the features from which
overlap with . sing this list of candidates, a best match which also satis es
a user-de ned tolerance is chosen. he best match can be only one feature in
the list, two features, etc. his will catch continuation and bifurcation. mal-
gamation is tested for on the remaining features by doing the bifurcation test
backwards. ny feature not tagged after this process is marked as creation in
and dissipation in

he algorithm uses a tolerance measure to determine if the best matched
feature can be considered a match. his will pick up errors in largely spaced
time-intervals, false time-series, etc. he tolerance can be chosen by the user
and is domain dependent see for more discussion . his algorithm has
been extended to work with unstructured grids, and instead of an octree, the
nodes belonging to each feature are maintained in a list. o determine overlap,
all the feature lists from each timestep are sorted and then these two full-lists
are merged. uring the merge step, a table is used to keep track of the feature
overlap hits. his algorithm works with both structured and unstructured
datasets. racking ob ects in time is analogous to the problem of correlating
ob ects in space, i.e. given a set of  contour-slices representing a continuous
domain, determine the correspondence between the surfaces from one slice
to the next. he characterization of possible scenarios and topologies is similar
see for one example , although generally only edges are matched instead
of entire regions. Other related work in feature tracking can be found in
and , however, a general approach to volume tracking is not discussed.



ic tion o In

Four simulations are presented to demonstrate the different visualization paradigms.
1l of the simulations involve continuum datasets.

ur u nc
his dataset consists of timesteps from a pseudo-spectral simulation of
coherent turbulent vortex structures. ach timestep is and contains vor-

ticity magnitude. he simulation consists of an initial condition of six vortex
tubes in parallel and orthogonal positions. forcing scheme is applied to main-
tain the energy of the low wave number modes constant. n Fig. , a sample
simulation is shown. he features represented are extracted at a threshold of

of the maximum vorticity magnitude in each dataset each feature has its

own threshold interval . he simulation data is courtesy of . abusky and
. Fernandez |,
u i o tr ic 1 u tion

his dataset is from a simulation of rotating, strati ed turbulence using the
uasi-geostrophic e uations, performed by a hybrid numerical algorithm

, . he e uations are commonly employed to study atmospheric and
oceanic vortex dynamics at small to intermediate scales i.e. to km
in the atmosphere . he simulation shown here Fig. depicts the evolu-
tion of the eld and demonstrates the propensity for
columnar “two-dimensional” vortices to break down into three-dimensional
vortex “domes”, primarily at the upper and lower domain boundaries anal-
ogous to the ocean surface and bottom . he simulation was performed on a

grid with timesteps . he variable under investigation
is rotation-direction, and the features are de ned by their rotational values.
he simulation was performed on a Cray super computer at the
utherford- ppleton aboratory, and it was provided courtesy of r. avid
ritschel.
i d ii rn ort
Fig. a results from a compressible simulation in the C igh peed
Civil ransport inlet .o work with high cruise

e ciency, the C inlet is designed to work under the so called “critical
operation”. he critical operation locates a terminal shock ust downstream
of the throat to maintain high total pressure recovery with the maximum mass

ow. owever, the terminal shock location is very sensitive to disturbance and
can be pushed out of the inlet to cause the inlet unstart. he inlet unstart will
introduce instability to the whole aircraft and may also cause engine surge.

his simulation is performed on a curvilinear grid, which is  points in the



Fig. . SCT Simulation Simulation of shock vorte features in compressible in-
let unstart configurations. (a)Mesh and shocks are shown. (b) The terminal shock
is tracked (¢) The coordinate of the centroid position of the terminal shock is
computed over time.

streamwise direction,  points in the circumferential direction and  points

in the radius direction. he mesh and shocks segmented from the pressure

gradient are shown in Fig. . Fifty two time steps were used for tracking. he

tracking was done in the computational domain and the results were mapped

to the physical domain for visualization.  his simulation was provided cour-

tesy of rof. oyle night, and r. echeng ha, ept.of echanical and
erospace ngineering, utgers niversity.

t r

Fig. shows the simulation of cloud formation over the easter nited tates.
his is a simulation using the modeling system of cloud formation over
the eastern nited tates. he simulation consists of datasets at a res-
olution of x x and was computed using the fth generation of enn
tate C esoscale odel ersion , esoscale rediction roup,
esoscale and icroscale eteorology ivision, ational Center for tmo-
spheric esearch . Features cloud formations are extracted at a threshold of
on the cloud water. mall ob ects with a were removed
and not tracked. he simulation is courtesy of r. ill uoand r. ei ang.
his type of dataset is typical of many weather datasets which are available
from the , O ,and C



Fig. . D is used to visualize the history of each feature.

iu 1 tion r di

n the following section, we discuss different visualization paradigms which are
possible once the tracking information is available. he tracking information
is stored in a separate meta- le which can be visualized directly or used to
enhance standard visualization.

irected cyclic raph is a popular method to visualize ancestral
information. n example of a partial set of s for the urbulence dataset
is given in Fig. . he s can be used to search the dataset for particular
events e.g., amalgamation and to reference the features.

n addition to providing analytical information, the history is especially useful
to enhance standard visualization methods, such as isosurfacing and volume
rendering. sosurfaces or the bounding polygons, for the case of more complex
feature de nitions can be assigned colors to match properties of the ob ect
evolution. o follow a particular region in time, the isosurface for that feature
in all the timesteps can be assigned the same color. hen features merge,
different schemes can be employed. enerally, the dominant feature establishes
the color. he dominance can be calculated using volume, mass, or a local
extremal value. f we are interested in understanding the behavior of volume
in the evolutionary process, and two features merge, the one with the larger
volume can assign the color. lternately, colors can be added when features
merge e.g., . n the examples presented in this paper, the
largest volume region assigns the color when regions merge, and all children
inherit the parent s color during bifurcation. nitial colors are chosen randomly.



Fig. . nhanced visualization of MM simulation with feature tracking information.

For simulations where one or ust a few regions keep bifurcating, a different
policy should be employed so that features in the ending timesteps can be
distinguished.

n Fig. b, the computed track history was used to color the isosurfaces from
each timestep of the simulation. hen the entire simulation is animated, the
color coded surfaces are much easier for the eye to follow see  for the

les . n Fig. , the feature tracking algorithm was applied to the cloud water

simulation these images are rendered with a modi ed version of is
, which incorporates our tracking information and in Fig. b the features
from the imulation are tracked and color coded.

f the evolution of only one feature is of interest, it can be isolated
and highlighted. he other features can either be given dull transparent
colors or removed. his can be seen in Fig. ¢ where one feature from the



Fig. . uasi- eostraphic () Simulation, resolution. time
steps are shown. (a) Standard isosurface rendering (b) ach feature is tracked and
color-coded. (c¢) ne feature is isolated and displayed.

imulation is isolated. hen a feature s history is desired,

can be used Fig. c¢ . n forward-isolation, the rst dataset contains only one
feature and subse uent datasets may contain more. n backward-isolation, the
last dataset contains only one feature and the rst may contain many. oth of
these operations correspond to traversing down or up the of a particular
feature. n Fig. , the terminal shock from the C imulation is tracked
and displayed. he tracking information on the terminal shock is needed to
construct a reduced model to predict the unstart condition.

he tracking information can also be used to enhance volume rendering.
atched features can be given their own transfer functions possibly in dif-
ferent hues or only one feature can be tracked and volume rendered. ither
a new dataset must be created which contains the tracking data or the vol-
ume rendering application must be reprogrammed to check look-up tables
which contain the tracking data. n the discussion which follows, we create
which encode tracking information. hese new datasets can

be volume rendered with standard volume rendering programs. he marker
dataset labels all the voxels with an ob ect-number or background number .
he ob ect-numbers are correlated from one dataset to the next with the
tracking history . hen only one feature is volume rendered, the vox-
els belonging to that feature maintain their original values, while all other
features contain an ob ect number. he dataset is then volume rendered with

any volume rendering program



ifferent statistics and measurements can be computed to aid in the under-
standing and analysis of the simulation. easurements can be computed for
each feature as well as between features over all the timesteps. Feature prop-
erties consist of volume, integrated content, centroids, moments, surface area,
total feature count, and domain speci ¢ properties such as circulation. rack-
ing properties are statistics over the entire simulation. For the turbulence
simulation there were continuation events, creation events, dis-
sipation events, bifurcation events and  amalgamation events. For this
simulation, the initial conditions dictate that the number of creation and dis-
sipation events should be roughly the same. his fact enables us to help verify
the simulation and check for errors. n Fig. d, the integrated-content mass
change for the backward-isolated feature is shown. n Fig. ¢ , the x-centroid
position of the terminal shock of the  C  imulation is plotted. he shock
bifurcates at and the centroid of the larger feature is followed.

nother useful uanti cation operation is or comparing one fea-
ture to another. uxtaposition can be rendered by superimposing the isosur-
faces this is similar to a trace, shown in Fig. or by superimposing the
volumes either by creating a marker dataset or computing parallel rays . he
marker dataset can be created with voxels classi ed into three categories, vox-
els which belong to one of the features being uxtaposed, and voxels belonging
to the overlap area. n Fig. ., we see a volume rendered image of the uxtapo-
sition of two isolated features from a and b of Fig. «c¢.

ed voxels belong to the feature at , blue voxels to , and green
to the spatial overlap in ¢ . n d the intersection is highlighted by adding
transparency to the red and blue voxels. he advantage of using volume ren-
dering is that the intersection is better highlighted and the actual volume of
the intersection can be discerned. Furthermore, proper use of transparency
can add extra information about the evolution of the feature. he volume of

the feature at , is , at , and the volume of intersection
is . he volume of overlap can be computed when the marker dataset is
created.

o visualize the movement of a feature through the dataset, one can uxtapose
a particular feature with it successors and its history. his is especially



Fig. . u taposition of the red feature from (a) 3 and (b) 33.In (c) and
(d) the two features of 3 (red) and 33 (blue) are combined and volume
rendered. The overlap is shown in green.

useful for features which do not undergo many bifurcations or amalgamations.

n Fig. | a trace of the feature from four timesteps of Fig. is shown the
earlier the time the more transparent the ob ect . f many timesteps are to
be visualized together, a can be calculated by creating a marker
dataset with a feature hit per voxel . he result
can be volume rendered as shown in Fig. . reas of intense activity are
highlighted which can help the scientist determine where to re ne the compu-
tational grid and thus maximize computing resources.

onc u ion

n this paper, we have reviewed our work in feature tracking and have shown
how it can enhance the visualization and uanti cation of time-varying datasets
from different domains other examples can be seen at . hese databases
are huge and standard visualization programs do not provide any special ca-
pabilities to render or analyze these datasets other than creating animations.

y tracking features, the amount of information which must be assimilated
is effectively reduced, and it is presented to the scientist in a coherent and
cogent manner. his is a crucial step to understanding massive datasets.



Fig. . (a) Trace of a feature over timesteps (b) Volume rendering distribution
of one feature over all the timesteps (c¢) y-centroid position of this feature.
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