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Abstract

High resolution simulations are capable of generating very large vector fields that are expensive to store and analyze. In ad-
dition, the velocity fields generated from some particle simulations are not stored on spatial grids, which become difficult to
visualize using some traditional vector field visualization methods such as streamlines. Furthermore, the noise and/or uncer-
tainty contained in the data often affects the quality of visualization by producing visual clutter that interferes with both the
interpretation and identification of important features. An alternative approach is to store the distribution of many vector ori-
entations and visualize the distribution with 3D glyphs. This paper presents the cube map histogram, a new data structure for
storing the distribution of three-dimensional vector directions. We also present a glyph called the crystal glyph that effectively
visualizes the directional distribution using OpenGL cube map textures. By placing crystal glyphs in the 3D data space, users
can identify the directional distribution of the regional vector field from the shape and color of the glyph without visual clutter.

Categories and Subject Descriptors (according to ACM CCS): 1.3.8 [Computer Graphics]: Applications—

1. Introduction

With increases in spatial resolution and the emergence of ensemble
simulations, massive amounts of data with uncertainties are com-
monly generated by simulations. In addition, storing and analyzing
datasets at the full spatial or ensemble resolution has become un-
realistic due to the required storage space and computation. On the
other hand, down-sampling the data to a lower resolution loses the
details of data. Using data aggregation, such as a histogram, be-
comes a trade-off between data size and details. Histograms can be
generated from aggregations of spatial partitions, ensemble mem-
bers, or an analyzed distribution models. The resulting histogram
can be used to describe and detect features.

Visualizing the movement of a group of objects can assist the
understanding of the motion of a large number of objects in the
particle simulations of cosmology simulation [WFH* 14] and fluid
dynamics [Kuh14]. Plotting arrows to visualize the velocities of
significant numbers of particles, however, is unrealistic due to the
resulting visual clutter. Integrating streamlines or stream surfaces
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based on the particle velocities does not make sense if the data only
describe local motion. To address the issue, we can use histograms
of the velocities to represent the velocity distribution for a group
of vectors and visualize the histograms. Neuroth e al. proposed
two-dimensional (2D) velocity histogram to interactively visualize
the large-scale velocity field. However, visualizing local 3D vector
distributions remains unsolved.

Glyph-based visualization is an ideal approach to visualize mul-
tivariate data. It allows users to quickly perceive the pattern of mul-
tivariate data items within the context of a spatial relationship. Po-
lar histograms [BK91] visualize the distribution of a group of 2D
vectors based on their angles. Placing many polar histograms as
glyphs in the data space can visualize the distributions of groups
of 2D vectors in local regions. Jarema er al. designed similar
glyphs to visualize 2D directional distributions in 2D vector field
ensemble datasets [JDKW15]. The spherical histograms proposed
in [GJL*09,WGJL12,PGN*14] can visualize distributions of three-
dimensional vector fields, but their sphere partition methods are
based on spherical coordinate system that suffers from polar effects
and inaccurately represent the distributions. To better visualize the
distribution of 3D velocities, we need an accurate 3D visual repre-
sentation of directional histograms.

In this paper, we first introduce the concept of cube map his-
togram, a 3D directional histogram inspired by the environment
cube map algorithm in computer graphics [Gre86]. The cube map
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histogram can be efficiently and accurately computed, stored, inter-
polated and visualized. We introduce a 3D directional distribution
glyph called crystal glyph. To create the crystal glyph, an OpenGL
cube map texture is used to efficiently map the cube map histogram
onto a sphere and deform its shape through OpenGL shading lan-
guage (GLSL). We place the glyphs on a slicing plane and inter-
actively change the plane’s orientation and position as well as the
glyph’s density to look at the velocity distributions in different spa-
tial locations and with different levels of details. Users can use
mouse to pick one glyph and see the unfolded view of its cube map
histogram without occlusion. To provide a dynamic and intuitive
visualization of global vector directions, we animate a texture on
the glyph’s surface that follows the velocity directions.

2. Related Works

Two-dimensional vector field histograms have been widely used in
computer vision to analyze the statistics of directions or orienta-
tions. The applications include real-time obstacle avoidance in mo-
bile robots [BK91], crowd flow abnormality detection [ID0S8], and
human detection using HOG [DTO05].

Glyphs are very powerful in visualizing two-dimensional flow
fields because there are less concerns of visual clutter or occlu-
sion in 2D images [KML99, PLOS]. In 3D flow visualization, the
vector glyph can be used as a simple and direct rendering of the
local vector field [CM92, Dov95] or to show characteristics of the
flow such as velocity and velocity gradient tensor [dLvW93]. The
avoidance of visual clutter and the occlusion of important details
become important factors in determining the effectiveness of these
glyph-based techniques [BP96, Lar03].

Our work is closely related to vector field uncertainty glyphs that
show the uncertainty information of local regions within a vector
field [LPSW96, WPL96, ZDG*08, HLNW11, PGL* 12, IDKW15].
Most of the techniques [WPL96, ZDG*08, HLNW11, PGL*12,
JDKW15] only visualize the measures of distribution (e.g. mean,
range and variance) or the models of distribution (e.g. GMM). Our
work is also related to the angular distribution in the high angular
resolution diffusion imaging (HARDI). The angular distributions
are described by certain models or functions, which can be visual-
ized by 3D glyphs [PPvA™09,JPGJ12,SSSSW13].

3. 3D Directional Histogram

A 3D directional histogram records the distribution of 3D unit vec-
tors. For 3D velocity data, we omit their velocity magnitude, and
only record their directions in our histogram. A bin in this his-
togram represents a range of similar 3D vector directions. For 2D
vector histogram, each bin is a fan shape and all bins have the same
size. For 3D vector histogram, binning the 3D vectors is the same
as partitioning the sphere surface into small patches. Each patch
represents a bin, and its area describes the bin size. In a unit sphere,
this patch area is equal to the solid angle, a two-dimensional an-
gle in three-dimensional space, subtended from the sphere center.
‘When bin sizes are equal, the probability density of a bin is propor-
tional to the bin frequency (bin counts); when the bin sizes are not
equal, a bin’s probability density is equal to its frequency divided
by the bin size. It is difficult to have small bins of the same shape

and size for 3D directional histogram because partitioning a sphere
into small same shape patches is non-trivial. In order to compute an
accurate probability density of a bin, we have to compute the sizes
of all bins.

To represent a 3D directional distribution, we need to design
a histogram whose bins partition a unit sphere surface. This his-
togram should be easy to be computed and interpolated to a contin-
uous distribution. Westerteiger et al. used HEALPix grid [WGH12]
to decompose the sphere surface hierarchically and record the grid
in the GPU memory for rendering the terrain on the sphere. Even
though this hierarchical grid is too complex to record our simple
histogram, it inspires us to use a grid that is easy to be recorded
and looked up in the GPU memory. There are existing methods
to partition the sphere into patches of equal area or similar areas.
However, they are either not easy to determine the bin, such as
the icosahedral-based grid (triangles or hexagons) and unstructured
grid, or difficult to interpolate, such as the spiral grid [HSO08], Fi-
bonacci grids [SJP06], Leopardi [Leo06]’s grid, and spherical polar
grid (latitude-longitude). On the other hand, the cubed grid-based
sphere partitioning, as shown in the Figure 1, which produce our
cube map histogram, satisfies our requirements.

(a) (b) (©

Figure 1: (a) The projection between a patch on the sphere surface
and a grid cell on the inscribed cube. (b) Cube map grid on the
sphere. (c) Solid angles for the cells on one cube face.

Our cubed grid on the sphere is created by projecting a cubic uni-
form grid onto a sphere surface as shown in Figure 1a. We use the
grid cells as the histogram bins of our cube map histogram. From
another perspective, if we cast a ray from the sphere center follow-
ing a 3D vector, the vector belongs to the bin of the cell that it inter-
sects with. How to compute the cube map bin based on a given 3D
vector coordinate is computationally simple and is explained in the
original environment mapping paper [Gre86]. The bin of a vector
can be determined by simple division among its X, y, z coordinates.
Interpolating the cube map histogram is mostly a simple bilinear
interpolation among its easily determined adjacent bins. When ren-
dering the cube map histogram, the OpenGL cube map texture and
the GLSL sampler can take care of all the adjacency lookups and
value interpolation automatically and efficiently.

To normalize the histogram, we need to compute the histogram
bin size or the solid angle of each partition that is the sum of the
two constituent spherical triangles’ solid angles. The spherical tri-
angle’s solid angle is equal to the spherical excess that can be com-
puted by I’'Huilier’s theorem [Zwi95]. Figure lc shows the solid
angles of the cells (or bin sizes) on one face of a high resolution
cube map. We notice that the bins around the center have larger
solid angles than the bins near the boundaries.

(© 2016 The Author(s)
Eurographics Proceedings (©) 2016 The Eurographics Association.



X. Tong, H. Zhang, C. Jacobsen, H.-W. Shen & P. McCormick / Crystal Glyph: Visualization of Directional DistributionsBased on the Cube Map 15

4. Directional Distribution Visualization

In this section, we describe how to use crystal glyph to visualize
the directional histogram in 3D space.

4.1. Glyph Design

Designing the glyph is essentially mapping two data attributes of
each histogram bin, 3D vector direction and the probability density,
to the visual channels of a glyph, such as size, color, shape and
orientation. In our design, we follow Borgo et al.’s thirteen general
considerations and guidelines of glyph design [BKC*13].

(a) (b) (©)

Figure 2: (a) The glyph is a sphere before drawing a histogram on
it. (b) is the crystal glyphs showing the velocities distributed i y
and z directions; (c) shows a white band moving from the spherical
base outward as animation.

Our crystal glyph is generated from a sphere, whose grid is
formed by projecting from an inscribed cube grid, as shown in
Figure 2a. Note that the grid does not have to match the grid on
the cube map histogram, because we can easily sample the cube
map histogram and interpolate the values. Each face of the spheri-
cal mesh is a quadrilateral with a uniform color that is determined
by the sphere’s normal direction vV = (x,y,z), a unit vector, at the
center of the quadrilateral. The absolute values of the unit vector’s
components are used as the red, green and blue color components,
ie. (r,8,b) = (abs(x),abs(y),abs(z)). The XYZ-RGB color map-
ping scheme has been widely used in showing the 3D orientation
in tensor data [PP99, Tuc04]. A very light Phong reflection is added
to the color to provide depth cues without changing its original col-
ors much. Using a uniform color on each face shows the mesh grid
that helps viewers perceive the surface curvature [BS16]. We de-
fine p, as the probability density of direction V in the directional
distribution. Then as shown in Figure 2b, we extrude each sphere
vertex along its normal direction ¥ by an amount H(py) that is a
monotonically increasing function of p,. This sphere surface ex-
trusion form a terrain on the sphere. Higher terrain on the sphere
surface corresponds to a higher probability density. Mapping the
vector direction to the extrusion direction of the patch is intuitive
and natural. As shown in Figure 2¢ and the accompanying video,
a white band on the glyph moves from the spherical base outward
by following the surface’s extrusion directions, which animates the
velocity directions. The animation is implemented in the OpenGL
fragment shader with high performance.

4.2. Visualization System Design

From a glyph’s screen projection as in Figure 3a, the bins on the
backside are not visible if viewing from a fixed view direction. In
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Figure 3: (b) and (c) are two different unfolded views of the cube
map histogram on the user selected glyph (a).

order to help users explore a specific glyph of interest and observe
its represented cube map histogram without occlusion, we visualize
the cube map histogram by unfolding it onto a 2D image. Figure 3
gives an example about how to unfold (or project) the cube map
histogram. Two types of projections are provided: one (Figure 3b)
is created by cutting along the cube edges and unfolding the 6 cube
faces without distorting the grid; the other one (Figure 3c) is made
by projecting to 2D spherical coordinates [Bou06]. In the 2D views,
the bin densities are mapped to color brightness on the image with
a gray-scale colormap. A colored wireframe of the histogram bins
is overlapped on the image to discretize the image into bins. By us-
ing the same color as the bins on the crystal glyph, users can easily
find out their correspondence. The six face view of the cube map
histogram in Figure 3b shows the bins using the same size, which is
good for visualizing the spread (or range) of the distribution. On the
other hand, the spherical coordinate view in Figure 3¢ gives mostly
continuous bins but distorted bin shapes, which is good for identi-
fying the number of peaks in the distribution. Even though the 2D
unfolded views of the cube map histogram do not have occlusion
issues, they could not intuitively visualize the bins’ corresponding
3D directions as the crystal glyph does.

5. Case Studies

To explore the effectiveness of our technique we applied our al-
gorithm to two vector field datasets from different application do-
mains: a synthetic tornado dataset (regular grid) and a cosmology
dataset (particles). More details can be found in the accompanying
video.

5.1. Tornado

The synthesized 48 x 48 x 48 tornado dataset is used as an exam-
ple. Figure 4 shows the visualization of the 3D velocity field in the
bottom 48 x 48 x 8 layer using both an arrow plot and our crystal
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(a) 3D arrow plot. (b) Crystal glyph.

Figure 4: Visualizing the flow in the tornado dataset.

glyph. In the arrow plot (Figure 4a), 5000 arrows overlap with each
other and result in severe visual clutter. On the other hand, in our
crystal glyph visualization (Figure 4b), glyphs are uniformly put
on a slicing plane to represent the vector field of a layer. Note that
the glyph density can be interactively adjusted by users to visualize
the distributions in different levels of details. They well separated
without visual clutter and have different fan shapes indicating the
vector distributions of different peaks and variances. The glyph at
the 3rd row and 4th colume has velocity distributed in all directions
in this slicing plane, which means the tornado center is nearby.

5.2. Cosmology

Figure 5: Crystal glyphs are used to visualize halos containing mov-
ing particles in the cosmology dataset.

Our goal in this case study is to visualize the particle velocities in
the cosmology dataset from the Dark Sky Simulations [WFH™* 14].
The existing visualization techniques for cosmology datasets only
visualize the particles’ positions but not their velocities. When the
vector directions are visualized using traditional techniques, the
large number of particles and their noisy moving directions intro-
duce severe visual clutter. The last time step of the dataset, which
contains 3D velocities of 2,097,152 particles, is used. We visualize
the velocity direction distributions of 7,383 halos, which are groups

of gravitationally bounded particles. The directional distribution of
the particle velocities in every halo is computed as cube map his-
togram and visualized as a crystal glyph. The glyph size is scaled
using the radius of the represented halo. In the middle of Figure 5,
there is a big halo whose velocity directions spread across many
directions. Most of the surrounding halos are attracted by the grav-
ity of the big halo and move towards the center. From the purple
glyphs on the upper-left and upper-right of the image, we see that
their velocities spread in a small range of directions. From the two
reddish glyphs at the bottom of the image, we see that their direc-
tions spread in a big range and have outlier directions as the small
green peaks.

6. Performance

‘We measured the performance of our technique on a machine run-
ning Windows 7 with an Intel Core i7-4770 CPU, 16 GB RAM and
an NVIDIA GeForce GTX 980 Ti GPU with 6GB of frame buffer
memory. Four resolutions ( 1283, 2567, 5123 and 1024%) of a reg-
ular grid vector field dataset are used. In the computation, we first
divide the data into a fixed number of 128 x 128 x 128 partitions
and then compute a histogram for each partition. In this way, no
matter what resolution the original vector field dataset is, we pro-
duce the same number of histograms. OpenMP is used to acceler-
ate the computation with multithreading. Partitioning the space into
128 x 128 x 128 partitions and computing histograms for all the
partitions only took at most 5.3 seconds. The generated histograms
can be either saved in disk or directly used as input to crystal glyph
rendering. After glyphs’ positions and sizes are decided, we aggre-
gate the already computed histograms in each glyphs’ represented
region into a 9 X 9 X 6 cube map texture. Computing cube map tex-
tures for all glyphs took less than 0.1 seconds. In the worst case
when rendering 16,384 glyphs on a 1419 x 996 image, the frame
rate is more than 30 frames per second (FPS). We have not tested
more than 16,384 glyphs to avoid visual clutter.

7. Conclusion

‘We have presented a technique to efficiently compute and store dis-
tributions of three-dimensional vector directions using a cube map
histogram. Besides, we designed the crystal glyph to visualize local
3D directional distributions with the OpenGL cube map texture. To
allow users to freely explore the vector field, we designed an in-
teractive visualization system. This paper is a work in progress,
because we think the rendering of the crystal glyph can be further
improved. A potential improvement can be visualizing the refer-
ence of the terrain heights, because the spherical base of the glyph
is not always easy to see.
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