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ABSTRACT

Three-dimensional vector �elds are common datasets throughout the sciences. They often

represent physical phenomena that are largely invisible to us in the real world, like wind

patterns and ocean currents. Computer-aided visualization is a powerful tool that can rep-

resent data in any way we choose through digital graphics. Visualizing 3D vector �elds is

inherently di�cult due to issues such as visual clutter, self-occlusion, and the di�culty of

providing depth cues that adequately support the perception of 
ow direction in 3D space.

Cutting planes are often used to overcome these issues by presenting slices of data that are

more cognitively manageable. The existing literature provides many techniques for visu-

alizing the 
ow through these cutting planes; however, there is a lack of empirical studies

focused on the underlying perceptual cues that make popular techniques successful. The

most valuable depth cue for the perception of other kinds of 3D data, notably 3D networks

and 3D point clouds, is structure-from-motion (also called the Kinetic Depth E�ect); another

powerful depth cue is stereoscopic viewing, but none of these cues have been fully examined

in the context of 
ow visualization. This dissertation presents a series of quantitative human

factors studies that evaluate depth and direction cues in the context of cutting plane glyph

designs for exploring and analyzing 3D 
ow �elds. The results of the studies are distilled

into a set of design guidelines to improve the e�ectiveness of 3D 
ow �eld visualizations,

and those guidelines are implemented as an immersive, interactive 3D 
ow visualization

proof-of-concept application.

xiii



CHAPTER 1

INTRODUCTION

Vector �elds are mathematical spaces that assign a direction and magnitude to every point

within them. In the natural sciences, vector �elds often represent real-world phenomena be-

ing observed or simulated, such as 
uid 
ow, magnetic forces, and gravitational �elds. They

are also widespread in the automotive and aerospace industries for assessing aerodynamic

qualities of a vehicle design, and in the medical �eld, where di�usion tensor imaging is used

to capture the magnitude and orientation of water di�usion through the brain over time.

These vector �elds are often invisible to the human eye in real life, and computer visualiza-

tion of these phenomena allows insights that are otherwise not possible. Researchers and

practitioners usually need to explore and analyze vector �elds in the context of 
uid 
owing

through them. When the data is very dense, there can be considerable di�culty interpreting


ow direction and magnitude when the data is represented at a scale that is practical for

viewing on a computer screen.

In scienti�c data visualization, photorealism is eschewed in favor of abstracted repre-

sentations that can be readily interpreted for their salient features and to derive accurate,

unbiased insights. The mechanisms of human perception are notoriously complex and not

fully understood, so gathering knowledge about the perception of abstract data is imperative

for creating visualizations that accurately convey the data they are meant to represent. Flow

visualization focuses on visually relaying features of interest such as critical points (saddles,

sinks, and sources), maxima and minima, and speci�c 
ow patterns. Three-dimensional


ow visualization is a natural extension of the two-dimensional case, but is inherently more

1



challenging because of self-occlusion and visual clutter.

There have been many decades of 
ow visualization techniques presented in the literature

that can be generally grouped into four categories: direct geometric glyphs, which are direct

visualizations of the data using objects that encode local information (location, direction, and

magnitude); integral geometric glyphs, based on tracing advected particles; texture-based

illustration, which uses dense sets of seeds (often a white-noise image) that are \smeared" by

the 
ow �eld; and feature extraction/topological visualization, which applies computations

on a global scale to identify and visualize well-de�ned characteristics of a 
ow �eld. Cutting

planes are often used to interactively reduce the dimensionality of 3D vector �elds into

more cognitively manageable 2D slices. Applying 3D glyphs to these cutting planes is a

common choice, as they can present an additional dimension of information as opposed to

2D techniques such as color mapping and texturing.

Many glyph designs have been proposed by the visualization community, and a number

of e�ective styles have been identi�ed. However, there is a lack of empirical studies explic-

itly examining the relative e�ectiveness of the di�erent visual elements that comprise these

popular glyph designs. Moreover, most related studies are task-based, and do not explicitly

address perceptual e�ectiveness. In the absence of empirical data to guide designs, human

perceptual theory can provide a powerful framework to support the creation of novel 
ow

visualizations. Currently, reasoning about the perceptual e�ectiveness of a 3D 
ow visu-

alization technique to accomplish a given task is largely a guessing game that relies upon

generalizing results from other visualization domains (e.g., node-link relationship graphs) to

make perceptual assumptions that may not be valid.

Tasks involving visualization demonstrate marked performance improvements through

stereoscopic viewing of the data. On desktop monitors, it simulates human binocular vision

by rendering a separate view of the virtual scene from the perspective of each eye. The

spatial disparities between these two perspectives are processed by the visual system to pro-

vide additional depth information that improves our spatial understanding of the virtual

2



environment. Though stereoscopic displays have failed to �nd a place in the typical con-

sumer's home, they continue to serve a valuable role in scienti�c visualization by supporting

the perception of inherently 3D data. The introduction of high-�delity head-tracking in the

early 1990's gave rise to head-mounted displays and so-called \Fishtank Virtual Reality"

that updates its virtual projection to match and follow the physical viewpoint of the user,

providing an interactive 3D view of the scene on a desktop monitor.

The use of stereo image pairs to gain depth perception also carries with it an increase

in geometric distortion of features in the image due to the mismatched perspective between

the camera and the actual viewpoint. These can arise from a di�erence between the viewer's

inter-pupillary distance (IPD) and the separation amount between the stereo image pairs,

but primarily occur due to uncoupled dislocated viewing, where the virtual and physical

viewpoints do not match. Much research has been done to model and quantify these distor-

tions, but relatively little work has explored their perceptual consequences. When visualizing

3D vector �eld data, it is common practice to map vector magnitude to glyph length. Un-

coupled stereoscopic perspective viewing can lead to signi�cant distortion of glyph geometry,

potentially causing signi�cant misperceptions of the vector data represented by the glyphs.

Resolving how the principal components of vector �elds { direction and magnitude { can

be visualized so that they are perceived as accurately as possible will allow us to bridge

important gaps in 
ow visualization research and provide perceptual anchors upon which

future 3D 
ow visualization techniques can be built. Improving our understanding of how

these visual cues and viewing conditions impact the perception of three dimensional 
ow �eld

information can support the development of glyph designs and visualization techniques that

are perceptually superior, simplifying the task of interpreting and communicating important

details of the 
ow �eld.

3



CHAPTER 2

LITERATURE REVIEW

Three-dimensional vector �eld visualization may super�cially appear to be a trivial exten-

sion of the 2D case to an extra dimension, but it presents many formidable visualization

challenges.

The primary limitation of glyph-based (and other) approaches is self-occlusion, where

glyphs closer in depth to the viewer obstruct the view of other glyphs positioned behind

them [1]. Similarly, these approaches can also su�er from extreme visual clutter/complexity

as seeding densities increase. When there is too much information for the visual system to

deal with e�ectively, it can lead to an obfuscation of global and local patterns, hindering

the tasks they are supposed to support. These issues become immediately apparent when

using popular software packages that render vector �elds as 3D grids of arrows by default.

An example of this e�ect can be seen in Figure 2.1.

Though there have been e�orts to mitigate these particular challenges for 3D glyph-based

approaches [2,3], the overwhelming response by researchers has been to develop alternative

visualization metaphors and to strategically sample data to reduce visual density while re-

taining the communicative power of the visualization. Laramee et al. [4] describe and im-

plement a variety of these approaches, including geometric streamtubes and texture-based

techniques, apply them to slices through computational 
uid dynamics data, and provide

details on their relative strengths and weaknesses.

This dissertation seeks a di�erent approach by understanding the advantages of the var-

ious visual cues used in each visualization technique to determine not only why particular

4



(a) 2D Vector Field with 2D Arrows (b) 3D Vector Field with 3D Arrows

Figure 2.1: A comparison of 2D vector �eld visualization and 3D vector �eld visualization
with simple arrow glyphs. Visualization techniques used for 2D vector �elds can introduce
severe occlusion issues when extended to 3D.

techniques are e�ective, but to identify sets of compatible visual cues that can be combined

to produce demonstrably better visualizations.

2.1 3D Flow Visualization

There are generally considered to be four main categories of 3D 
ow visualizations: direct


ow glyphs, integral 
ow glyphs, texture 
ow techniques, and feature-based 
ow techniques

[1, 4]. The �rst two are very common; the latter two tend to be used in more niche 
ow

visualization domains.

Direct 
ow glyphs convey local information about the vector �eld using geometric objects

whose substructure is tied directly to the data itself. An example of this is an arrow with

a stem length representing vector magnitude, and an orientation indicating 
ow direction.

Figure 2.2 shows a 2D vector �eld using tapered droplet-style direct glyphs.

Integral 
ow glyphs give more global information and include methods such as stream-

5



Figure 2.2: A 2D vector �eld visualized with 2D direct glyphs.

lines, that trace the path of a particle as it advects within a steady 
ow �eld; pathlines, the

streamline analog within unsteady 
ow �elds; and streamtubes, a three-dimensional exten-

sion of streamlines for 3D 
ow �elds. McLoughlin et al. [5] provide a thorough survey on this

family of 
ow visualizations. The same 2D vector �eld from Figure 2.2 is visualized using

similar droplet-style integral glyphs in Figure 2.3 to illustrate the encoding of local versus

global information about the vector �eld.

Texture 
ow is the use of texture-based methods to indicate 
ow properties, as in the line

integral convolution (LIC) technique introduced by Cabral and Leedom [6]. This algorithm

advects pixels from generated white noise images through a vector �eld, \smearing" the

noise image and resulting in a texture depicting the 
ow �eld, which densely covers the

entire region of interest. While LIC methods applied to 3D scenarios are most often used to

show 
ow on surface boundaries [4], the method has also been extended by Interrante and

Grosch to be compatible with 3D volumes [7]. An example can be found in Figure 2.4, where

6



Figure 2.3: A 2D vector �eld visualized with 2D integral glyphs.

the 2D vector �eld from Figures 2.2 and 2.3 smears a random noise texture to create the

LIC image, which is then colored by vector magnitude, as in the other �gures. It provides

more coverage than either direct or integral glyphs, but there is no indication of the 
ow

direction (the vector sign, in particular) along the contours.

Lastly, there is feature-based or topological 
ow, which attempts to computationally

extract and visualize the most salient structures of interest, such as critical points and

vortices. These techniques are usually employed when the features being sought are known

a priori , and visualized as discrete, independent objects as opposed to sets or �elds of related

glyphs. For a detailed exposition on the many solutions presented in the literature, Post et

al. [8] provide a useful survey and categorization of the �eld, along with its challenges.
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Figure 2.4: A 2D vector �eld visualized using the Line Integral Convolution (LIC) technique.
A noise image is \smeared" by the 
ow �eld, and then colored by magnitude.

2.2 Cutting Planes

Cutting planes are tools used to reduce the visual dimensionality of 3D data sets to more

manageable 2D slices, which ameliorates many of the issues inherent in volumetric 3D visu-

alizations, such as self-occlusion. Cutting planes are widely implemented in scienti�c visual-

ization systems [8{11], modern open-source visualization toolkits [12], and turnkey software

for industry [13{15]. There have even been educational systems designed to train students

in their use and improve performance while employing them as a visualization tool [16]. Fig-

ure 2.5 demonstrates how cutting planes slice through the 3D data volume and use volume

sampling to drastically reduce the occlusion issues that overwhelm the visualization.

Cutting planes are used in many di�erent ways. They are sometimes used as clipping

planes to view structures enclosed within other volumes [4, 17], or as seeding planes for
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(a) Volume Sampling (b) Cutting Plane Sampling

Figure 2.5: A cutting plane, or slice, through the vector �eld reduces the dimensionality of
the sampled data and greatly improves the clarity and legibility of the visualization, at the
cost of reduced coverage of the 3D 
ow �eld. The same 3D vector �eld is visualized in both
images.

geometric visualizations like streamlines and streamtubes [4, 9, 18]. Studies have examined

the use of physically interactive cutting planes, like Meyer and Globus' study [19] on cutting

plane use in virtual reality and Hinckley's [20] use of physical props to interactively orient a

cutting plane through a model of the brain. These studies emphasize the value of interactively

sweeping the cutting plane through the data �eld to reveal patterns and structure. Often,

cutting planes are color-mapped to show 2D scalar data like temperature and magnitude

[18{20] or are used as higher-dimension visual displays that can leverage the e�ectiveness of

2D visualization methods.

Creating a strong 
ow visualization on cutting planes is similar to the problem of 2D


ow visualization, which has seen some important recent contributions. Laidlaw et al. [21]

lay solid quantitative groundwork for assessing the relative merits of commonly used 2D 
ow

methods via empirical task-based evaluation. Liu et al. [22] extend this work to include color

mapping and a sophisticated study and analysis design, though with limited evaluation of
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