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This visualization technique treats D as a tensor that describes water self-
diffusion as measured via diffusion tensor magnetic resonance imaging [29].

For the visualization, we sampled the NLC data onto a regular grid using
an approximating cubic B-spline as the sampling kernel (24):

h (x) =

⎧⎪⎨
⎪⎩

1
6

(
3r3 − 6r2 + 4

)
0 ≤ r ≤ 1

1
6 (2− r)3 1 < r ≤ 2
0 r > 2,

(24)

where r =
2‖x−x′‖

ρ is the sample radius, calculated from the sample point x,
the kernel’s center x′, and the kernel width ρ. The width of the kernel function
was designed so that it would include about 30 molecules (about ρ = 7.3);
this was empirically determined to be the size of important features in the
simulation results. In doing so we converted the discrete molecular simulation
data into a regularly sampled, continuous second-order diffusion tensor field.
Samples were taken sufficiently closely that we could evaluate a continuous
version at any spatial location within the regular grid without introducing
aliasing artifacts via interpolation [11]. The sampling was repeated for each
time step as needed.

Additional processing of the data was necessary. We introduced padding
to preserve the features on the boundary in the resampled field. The original
NLC sample is topologically equivalent to a hypertorus because of periodic
boundary conditions. We extended the original spatial dimensions of the field
by reproducing a portion of the data in every direction. This way the fea-
tures that wrapped from one side of the data to the next appeared to be
continuously repeating thus allowing for better visual coherence.

We calculated integral paths through the principal eigenvector field to
create streamtubes in regions with sufficient linear anisotropy [29]. These
streamtubes represent the average molecular orientation in regions outside
topological defects. Redder color corresponding to larger cl. Because the de-
fects occur where the relative ordering of molecules is very small, we expected
small linear anisotropy values there and no streamtubes.

Regions of low linear anisotropy can represent defects and can be visualized
by plotting isosurfaces of linear anisotropy values. Defects form closed linear
structures and so these isosurfaces are tori (Fig. 10). The anisotropy value
chosen was varied to produce the desired visualization effect. As the linear
anisotropy value changed, the diameter of the tube comprising the surface
changed as well.

NLC physicists are particularly interested in the structure of the core of the
defect, that is, the spatial region within the blue defect tubes. Therefore, we
introduced more tools to allow for more detailed exploration. We augmented
the visualization of the tensor field features with color-coded cutting planes
that display the values of the Westin metrics at various locations in the system.
We also mapped the values of the Westin metrics onto the isosurfaces forming
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Fig. 10. Visualization of the disclinations in the simulation data using (a) iso-
surfaces for cl = 0.12, colormap on cp from blue (cp ≈ 0) to red (cp ≈ 0.7), and
isosurfaces for maximal biaxiality (λ′

2 = 1/3); (b) the method of Billeter et al. which
was based on standard lattice techniques

the tubes. We enhanced this feature by introducing a tool to probe the values
of the field, which allowed for quantitative analysis of the Westin metrics at
areas of interest.

Such exploratory and interactive framework for tensor data analysis allows
the researchers to map a variety of different data parameters onto the visual
representation of their data. This effectively increases the dimensionality of
the visualization. Many more data dimensions can be visualized in context
with each other than previously was possible. The researchers can pick and
choose which features of the defect data they want to explore.

The above tools were built to analyze only one time step. By stitching
together the visualization environments as frames of a movie we were able to
build an animation of the evolution of the system.

5.2 Case Study: Quenched Gay–Berne Nematic

We applied the visualization methods in the previous section to the simulated
data of a quenched Gay–Berne nematic. We analyze the results of the visu-
alization in three aspects: the locations, the surrounding director structures,
and the core structures of the disclination lines.

5.2.1 Location of Disclination Lines

Disclination lines are the focus of the NLC defect visualization. Figure 10
shows a visualization of the disclination lines in the Gay–Berne nematic [24]
33,000 timesteps after a thermal quench from the isotropic to the nematic
phase. The disclination lines are identified based on the criterion that the
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core of a line must be characterized by a very small value of the uniaxial
nematic order parameter S or equivalently the Westin metric cl even if the
core is biaxial. The left figure shows isosurfaces of the Westin metric cl and
the intermediate eigenvalue λ′2 of D (13) using the Advanced Visualization
System (AVS) software package [30]. The green–yellow–blue surfaces in the
main figure are cl = 0.12 isosurfaces; the color variation on these isosurfaces
from blue to green to red indicates increasing value of cp, a measure of the
planar order in the defect core. Within these isosurfaces cl < 0.12 and thus
the isosurfaces identify the disclination lines. The gray isosurfaces surrounding
the predominantly green ones correspond to λ′2 = 1/3, demonstrating that the
disclination cores include a tube of maximal biaxiality, in agreement with the
Landau–Ginzburg theory results [31]. The right figure shows for comparison
of the same data visualized using standard methods [24] where a cubic lattice
of bins was created and disclinations were found using standard lattice tech-
niques [26]. The general locations of the disclination lines in the two figures
are the same aside from the data padding added in the left figure.

5.2.2 Director Structure Around Disclinations

Figure 11 demonstrates how streamtubes can help determine the local topo-
logical charge and the rotation axis of the director. The timestep shown is
148,000 after the thermal quench. The streamtubes wrapping through the
loop and around the top of the loop indicate that the top is wedge-like with
charge +1/2 (recall Fig. 9a), whereas the streamtubes near the bottom of the
loop indicate that this portion is wedge-like of charge −1/2 (recall Fig. 9b).

(a) (b) x-y plane (c) y-z plane

Fig. 11. Director structure around disclinations. (a) A wedge-twist loop. The red
streamtubes (the thin lines) are along the director field. Redder color corresponding
to larger cl (streamtubes were selected so that cl ≥ 0.2). (b) The two lines that
are roughly parallel to the z axis are viewed from above and appear to be purely
wedge-like, with charge +1/2 on top and −1/2 on the bottom. However, the red
streamtubes and blue streamsurfaces in (c) (where the lines are viewed along the x
axis) indicate that the lines have a twist-like character as well
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It is also clear that the disclination loop is twist-like on the left side, as the
streamtubes have a component parallel to the disclination loop.

Figure 11 also indicates how using streamtubes as well as streamsurfaces
provides various clues in determining the topological charge and director ro-
tation axis Ω̂ of a disclination that would otherwise be very difficult to do.
From Fig. 11b which shows a top view of two relatively straight disclination
line segments, it might be tempting to conclude that the two disclinations are
simply +1/2 and −1/2 wedge lines. However, examination of the red stream-
tubes and blue streamsurfaces in a side view of these defects (Fig. 11c) shows
a more complicated picture. While the disclinations are on average parallel to
the z-axis, the director field outside the core regions and the planar ordering
of the director indicated by the streamsurfaces is considerably tilted out of
the x-y plane. Further 3D observation confirms that this line has twist as
well as wedge character. This does not come as a surprise as the twist Frank
elastic constant is less than the splay and bend constants in the Gay–Berne
nematic [32].

5.2.3 Core Structure

Using the new visual representation, physicists were able to study the behav-
ior of the tensor field in the core of the defect line and answer a longstanding
question in liquid crystal physics: are defect cores characterized by maximum
biaxiality or total degeneracy of the eigenvalues (i.e., all three eigenvalues
equal to 1/3)? The term maximum biaxiality refers to a case where the three
eigenvalues are as different from one another as possible. Degeneracy corre-
sponds to total disorder of the molecular alignment, whereas biaxiality implies
some degree of order. It is a subtle question of energetics as to which possibil-
ity will be found. The visualization methods presented here offer an immediate
answer to this important question, namely that the defect cores are in fact
biaxial. This answer is immediately apparent in Fig. 10a, in which the gray
isosurfaces correspond to the condition of maximal biaxiality, and does not
require a detailed numerical analysis. Thus, the question can be readily an-
swered at any time step of the simulation or for any new simulation done
under different initial conditions (including, e.g., varying the molecular pa-
rameters). The detailed structure of the core can be explored quantitatively
by measuring the Westin metrics on a plane orthogonal to the defect line
(Fig. 12).

6 Combining the Two Methods

It is possible to combine the two methods discussed in order to depict the
tensor behavior near regions of defect. Though the examples of the defect
detection methods were structured data, the metrics can be adapted to un-
structured data. Figure 13 shows the detected defect structure using the met-
rics from Sect. 5 (left) and a method specifically designed for unstructured
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Fig. 12. The Westin metrics cl (red), cp (green), and cs (blue) as functions of
the coordinate y for the disclination shown in Fig. 11b; the two disclination lines
are roughly parallel to the z axis. The value of the x coordinate is chosen to coincide
with the center of each disclination; z is roughly a third of the distance along the
depth of the simulation box

Fig. 13. Selected tensors for the defect region for the human Ig antibody dataset
using a method adapted from Sect. 5 (left). The highlighted region has strong cor-
respondence to the defect nodes detected via changes in director [28] (right)
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Fig. 14. Tensor visualization using the NLC glyphs from Sect. 4 depicting the struc-
ture near the defects discovered in Sect. 5. See Fig. 10a for comparison

NLC simulations [28] (right). The defect structures are very similar, with the
glyphs indicating low-biaxiality tensors via their lack of reflection symmetry.
Here, low cl corresponds to regions of low biaxiality (low μb) below the neutral
biaxial line (thus μ+ = 0).

Similar visualizations can be performed for the regular grid data set from
Sect. 5 (Fig. 14). Note how the planar isotropy indicated by the Westin metrics
translates to pinched, negative uniaxial glyphs (the more green glyphs). This
corresponds to the change of reference between the Westin-based and traceless
tensor-based approaches discussed in Sect. 3.3. The isotropic glyphs near the
defect (high cs) remain spheroid (high μi, more brownish).

7 Summary and Conclusions

Shape characteristics are powerful tools that facilitate the visualization and
understanding of tensor fields. In this chapter, we have demonstrated how
two characterizations of NLC alignment tensors are used to visualize the spa-
tial distribution of alignments and to depict defect structures within the liquid
crystal. The two characteristics, one based upon a general, traceless tensor and
the other on positive definite tensors, capture the transition between the dif-
ferent canonical NLC alignments, and we have provided a conversion process
between the two methods. We also explored how the different mathematical
formulations result in different interpretations of the physics via changes in
frames of reference.

The shape characteristics-based visualization methods described here
provide several benefits to NLC scientists. The glyph-based visualization un-
ambiguously depicts the different classes of NLC alignments without the
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orientation uncertainty of ellipsoids while preserving the symmetry proper-
ties of the given alignment. The director field stream visualizations can not
only be used to determine the location of the defects (as earlier visualization
methods could also do), but also to assess the core structure of the defect
and director field structure outside the core. Both methods have been used
by NLC scientists to positive effect – the former method to understand the
behavior of novel NLC media, the latter to answer outstanding questions in
NLC physics. Together, our shape characteristic-based visualization methods
are effective tools for NLC exploration.
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