NON-LINEAR REDUNDANT MAPPING OF CONTRAST IN MULTIVARIATE
GLYPH DISPLAYS

A Dissertation by
Navaneethan Sivagnanasundaram
Master of Arts, Wichita State University, 2013
Bachelor of Arts, University of Waterloo, 2010

Submitted to the Department of Psychology
and the faculty of the Graduate School of
Wichita State University
in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy

July 2017

© Copyright 2017 by Navaneethan Sivagnanasundaram
All Rights Reserved

ii

NON-LINEAR REDUNDANT MAPPING OF CONTRAST IN MULTIVARIATE
GLYPH DISPLAYS
The following faculty members have examined the final copy of this dissertation for form
and content, and recommend that it be accepted in partial fulfillment of the requirement
for the degree of Doctor of Philosophy with a major in Psychology.

Alex Chaparro, Committee Chair

Barbara Chaparro, Committee Member

Joel Suss, Committee Member

Rui Ni, Committee Member

Anthony DiLollo, Committee Member

Accepted for the College of Liberal Arts and
Sciences

Ronald Matson, Dean

Accepted for the Graduate School

Dennis Livesay, Dean

iii

DEDICATION

To my parents, close friends and family for their support throughout my pursuit of my
doctorate as well as the completion of this dissertation.

iv

ACKNOWLDGEMENTS

The completion of this dissertation would not have been possible without the aid
of my dissertation chair and advisor Dr. Alex Chaparro. I would also like to thank Dr.
Barbara Chaparro, a committee member and mentor, for her advice and support
throughout the entire process. Both of you have played a large role in developing my
understanding of the field of human factors. I don’t think that I would have the same
level of appreciation for the field of Human Factors or garner the same level of
satisfaction from my work had it not been for your years of guidance.
In my time at Wichita State I was fortunate enough to have not one, but two
excellent advisors, both Dr. Alex Chaparro and Dr. Evan Palmer. They were
complementary in their styles and provided an ideal environment for my research
interests to develop. Dr. Palmer moved on to another opportunity shortly before the start
of this dissertation, but he taught me the importance of balance between refinement and
practicality that is requisite for a successful graduate career. Thank you for that Dr.
Palmer and all the other knowledge you passed on to me.
To the rest of my dissertation committee, Dr. Joel Suss, Dr. Rui Ni, and Dr.
Anthony DiLollo, I would like to express my gratitude for your time, carefully
considered advice, and suggestions. Your perspectives and input allowed me to better
develop this dissertation.
Finally, I would like to thank the many graduate students who volunteered their
time and effort to give me feedback as I developed my stimuli and experiments. Without
you I would not have been able to complete this project. Thank you all.

v

ABSTRACT
Although capable of independent action for standard tasks, automated systems
still need monitoring and support from human managers. In order for a single observer to
effectively monitor large groups of these systems a summary display is necessary. This
provides a top-level glance across a group of systems, allowing prioritization of actions.
An effective tool for implementing this type of display is data visualization. Glyphs are a
graphical method to summarize different information for a specific entity in a compact
fashion. They use different aspects of their components (e.g. size or orientation) to
represent real world information about a system (e.g. amount of fuel or direction of
movement). By applying knowledge from visual attention and perception research,
guidelines can be proposed for glyph usage. This dissertation focused on the use of
contrast as a non-linear redundant cue to enhance perception of values in a specific range
within a particular glyph feature. This method was tested to see if it would provide faster
visual search across a set of glyphs when the observer was trying to find the glyph that
had the most or least of a variable. Results suggest that using contrast in this manner is an
effective means to improve performance. This effect however is moderated by several
factors. For example, the number of the observed glyphs that are showing data in that
range at one time as well as dynamic changes in the values being observed can degrade
the effect. Overall, this application of contrast shows potential as a highlighting method
for data variables where the monitoring of a small range of values could provide
observers an advantage. Future research should investigate application of this method in
more complex real world simulations to test if the results of this basic visual attention
task generalize.
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CHAPTER ONE
INTRODUCTION
Technological advancements over the past century have resulted in paradigm
shifts for humanity. Arguably, of these changes, modern computing has had the largest
impact on a global scale, allowing for the large-scale production, communication, and
manipulation of information. Individuals have even classified the rate of advancement as
an exponential function (Kurzweil, 1999; Moore, 1975, 1998). Interestingly, even as
these predictions were made, they were accompanied by concerns that the presence of too
much information could have negative impacts (Toffler, 1970). Psychological research
has long recognized that humans are limited in their capacity to store information (G. A.
Miller, 1956). Terms like “information overload”, “data smog”, “data deluge”, and
“information glut” have been coined to describe the situation where input to a system
exceeds the systems processing capabilities. These have developed as a result of people
considering how to deal with the unintended consequences of having “too much of a
good thing” (Shenk, 1998).
As with many other complex problems, a number of design solutions have been
explored to allow the best use of this surplus of information. As Donald Norman (1993)
identified in his book Things that make us smart, it is through the creation and use of
external aids, that the mind can act beyond its own limits. A simple but effective example
of this would be a relatively difficult multiplication problem (e.g. 436 x 270). Consider
the difference in performance if one were to attempt to find the product of these numbers
purely through application of mental effort compared to doing so with the aid of pencil
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and paper. The assistance of external tools allow for improved performance. In this
example, the resource intensive act of holding partial results in memory can be done
externally through a visual representation, thereby “turning [the majority of] an internal
memory task into an external visual search and manual writing task” (Card, Mackinlay,
& Shneiderman, 1999). Visual representation of information is a powerful tool and it has
been well established that graphical representation compared to textual or tabular
representation have many benefits (Card et al., 1999; Morse, Lewis, & Olsen, 2000;
Vessey, 1991; Ware, 2004). This particular type of graphic visual representation is called
data visualization and when it is done well, it allows for:
•
•
•
•
•

Amplification of cognitive performance (Card et al., 1999; Shneiderman,
1996).
Leveraging the visual system to detect patterns and trends (Card et al., 1999).
Effective and efficient transfer of information (Jianu & Laidlaw, 2013; Morse
et al., 2000; Van Wijk, 2005; Ware, 2012).
Enhancing emergent properties and relationships in the data that may
otherwise be missed (Ware, 2012).
Leveraging perceptual attention mechanism for monitoring (Card et al., 1999).

Many different fields have contributed to the science and art of data visualization;
psychology and computer science in particular have offered much guidance. The goal of
data visualization is to allow for information to be captured, distilled, and presented in a
useable manner. This is done through a deliberate process where collected raw data is
transformed into a form that is easier to manipulate and is then mapped to visual
representations that are displayed to the human perceptual and cognitive systems (Chan,
2006; Lie, Kehrer, & Hauser, 2009; Livingston & Decker, 2012; Ware, 2012).
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CHAPTER TWO
LITERATURE REVIEW
There are a host of methods and contexts that have been developed to display, and
interpret large data sets (Borgo et al., 2013; Lie et al., 2009; Ropinski, 2011). One context
that has not received as much directed focus, and which this research centers on, are
dynamic visualizations that allow for the monitoring of the health or status of a set of
complex systems over time. This research explores a design concept to improve the speed
with which a user of one of these displays can find a system that is in the most need of
attention relative to the others. One of the only data visualization methods intended for
presenting multivariate data with respect to individual entities is the glyph. This chapter
will review what glyphs are and some of the history of their development. It will then
summarize the research from visual science and data visualization relevant to glyph
design within the context of monitoring health and status displays.
Glyphs
There has not always been a consistent definition of what a glyph is, however
recent attempts to describe them have been more consistent (Borgo et al., 2013; Fuchs,
2015). Glyphs are visually distinct graphical objects that represent multivariate data
through their different visual channels (i.e. physical attributes) such as shape, size, or
color (Ward, 2002). Each glyph represents some entity, location or data set and the data
they convey are attributes of that entity, location or data set (Ware, 2012). In this way, a
glyph display allows a viewer to assess different pieces of information they store,
compare the levels of these data attributes across many glyphs, and identify global
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patterns across the entire set of glyphs (Siva, Chaparro, & Palmer, 2012). Glyphs make
use of similar properties as those in icons or other symbolic representations, except that
they are multivariate in nature (Borgo et al., 2013).
Three of the oldest and commonly used glyphs, as identified by reviews of the
literature, are the metroglyph, star glyph, and Chernoff face (Fuchs, 2015). See Figure 1,
for an example of each. The metroglyph uses a particular pattern of lines extending from
data points on a scatterplot to represent levels of additional data attributes common to that
data point. Similarly, star plots use individual lines (called spokes) that extend from their
center to represent different data attribute with the length of the line representing each
attribute’s relative magnitude. Chernoff faces represent each data attribute via
manipulations of the size, orientation, position and curvature of different facial features.
Traditionally, these glyphs have been used to view large sets of data in a wide variety of
contexts (Borgo et al., 2013; Ware, 2012). The purpose being to identify interesting
underlying patterns in very complex data. Many offshoots and variations of these early
glyphs have been created and evaluated (Fuchs, 2015).

Metroglyphs

1

2

3

Star Plots

Chernoff Faces

Figure 1. Early glyphs included the metroglyph, star plot and Chernoff Face.
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More recently, glyphs have been used to display the status of dynamic entities.
Two examples of this include standardized sets of military (MIL-STD D.o.D., 2008) and
aviation symbology (Federal Aviation Administration, 2011). The Department of
Defense (DoD) Interface Standard is a document that outlines the composition and use of
a set of standardized symbology to represent vehicles, equipment and personnel on
tactical interfaces. Figure 2 illustrates the construction of the glyph’s basic features,
identifies what each represents and provides some simplistic examples of the base
symbology. In these glyphs, the color fill of the glyph is used to indicate a unit’s standard
identity, or allegiance (e.g. red for hostile, blue for friendly and green for neutral). The
frame is redundantly coded and identifies both a unit’s standard identity and battle
dimension (e.g., space, air, land, subsurface). There are many additional elements that can
optionally be added to these glyphs in addition to the small handful identified here.
Figure 3A illustrates symbology currently in use and being researched for application in
the display of air traffic for flight deck navigation displays (Federal Aviation
Administration, 2011; Olson, Kaliardos, & Zuschlag, 2009).
DIMENSIONALITY

ALLEGIANCE

UNIT TYPE

No Outline on Bottom
+ Black Fill at Top
= Space Unit

Pointed + Red
= Hostile

Space Shuttle

No Outline on Bottom
= Airborne Unit

Circular + Yellow
= Friendly

Fixed Wing UAV

Full Outline
= Ground Unit
No Outline on Top
= Subsurface Unit

DIRECTION & SPEED

Line Length
= Relative Speed

Shorter
= Slower

Squared + Green

Longer
= Faster

Heavy Jeep

= Neutral

Line Orientation
= Direction of Travel

Clover + Yellow

Submarine

= Unknown

EXAMPLES OF MILSTD 2525 GLYPHS
Hostile,
Space Shuttle,
Space Unit

Friendly,
Fixed Wing UAV,
Airborne Unit

Neutral,
Heavy Jeep,
Ground Unit

Unknown,
Submarine,
Subsurface Unit

Figure 2. Warfighter Symbology used by the US Department of Defense.
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In aviation glyphs (Figure 3A), the orientation of the chevron symbol indicates
direction of travel, the color fill of the glyph is used to indicate the traffic’s threat status
and arrows indicate the vertical trend of the aircraft. Numeric text is also used to
represent the aircraft’s vertical distance from the viewers (own-ship) aircraft in hundreds
of feet. The purpose of these glyphs is to monitor the position, identity and status of
different units. It should be noted however that not all status displays map units to
physical locations. In some applications the physical location of a unit isn’t a critical data
attribute. For example, (Horn, Popow, & Unterasinger, 2001) developed a glyph that
represents patients’ vitals over time (see Figure 3B). The glyphs are displayed in a grid
and rather than being dynamic, each glyph represents the same patient but at different
moments in time, with the time interval between each glyph being held constant. The
length and width of each of the shapes changes based on various vital readings.
Additionally, each of the shapes is color coded to represent additional data attributes (e.g.
circulation, respiration) and the brightness level of these sections change based on vital
readings related to those attributes.
A
Proximate
Traffic

Standard

-09

Modified

B
FiO2

-09

Circulation
Traffic
Advisory
(TA)
Resolution
Advisory
(RA)

-09

-09

HR
BP

PIP

Respiration
Fluid balance Intake

-09

Catecholamines
f (mech.) : f (spont.)

PEEP/Paw/CPAP level
Output

Total resp. rate

-09

Figure 3. A) Symbology in use and being developed for the FAA (Olson et al., 2009),
B) Graphic developed to represent patient information in the ICU (Horn et al., 2001)
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One interrelated type of data visualization is called an object display or object
based diagram (Ware, 2012). These displays are very similar to glyphs, however they are
more often integrated with other display types and content (Beringer, 1985; Beringer &
Chrisman, 1987; Dinadis & Vicente, 1999; Drews & Westenskow, 2006). For example,
see Figure 4A and B, which highlight object displays that are glyph-like entities
integrated in other larger displays in both aviation and medical contexts. The relatively
“small” and “independent” presentation of glyphs separates them from this other kind of
display (Borgo et al., 2013). Although the focus of this research is on glyphs, object
displays partly share the same intent of being used as status displays.

A

B

Figure 4. A) Early aviation based object display (Dinadis & Vicente, 1999),
B) Recent medical data display for anesthesiology (Drews & Westenskow, 2006).
The use of glyphs as system status displays is becoming relevant to a growing
number of industries. Part of this is due to more systems becoming able to collect and
broadcast data from a variety of integrated sensors (e.g. physiological measures, airflow,
location, proximity, temperature, light, radiation) (Robertson, Ebert, Eick, Keim, & Joy,
2009). This information enables the dynamic presentation of much more information per
system. Some applications for these sensors are still being developed, but the ability to
7

transmit identity, location, and kinematic attributes to a monitoring display is a reality in
different transportation domains. Use in aviation has already been described earlier but
similar applications exist or are being designed for maritime vessels and emergency
response vehicles (Otero, Barker, & Jones, 2013; Scheepns, 2015). Detailed information
about a system and it’s surroundings has broad applications in industry to help many
others in their daily tasks; air traffic controllers, pilots, doctors, nurses, military and law
enforcement personnel, emergency service personnel, and warehouse and utility workers.
The users of these types of displays will likely be busy with a number of simultaneous
tasks and will have to make quick decisions based on the information they provide. This
means that it is important that their glyph displays be as accurate and efficient as possible
in conveying their information. This is especially true compared to non-status display
glyphs, which are normally used for data presentation and exploration. The reason being
that the consequences of missing, misinterpreting or failing to see a state change quickly
enough can have much more dire consequences in state display contexts.
If successfully designed to be accurate, efficient and effective glyph status
displays can aid in decision-making. A literature review and analysis of data displays for
supporting anesthesiologists showed evidence for improving anesthesiologist’s awareness
and performance through graphical displays (Drews & Westenskow, 2006). This in turn
can lead to improvements in decision-making. A glyph-like object display was designed
by Blike, Surgenor, & Whalen (1999) to represent different data attributes from a heart
(e.g., heart rate, blood pressure, etc.) via changes in shape width, height and curvature.
When this display was compared to a traditional anesthesiologist’s display, which
provides this information as numerals, the glyph display was found to improve their

8

speed and accuracy across two different tasks (Blike, Surgenor, Whalen, & Jensen, 2000;
Ware, 2012).
The Research Space
General design considerations and guidelines for glyphs can be found in the data
visualization literature (Borgo et al., 2013; Ware, 2012). These include the
recommendation of some visual features over others, the advantage of redundancy in data
mapping and the advantage of highlighting critical levels of variables. Despite these highlevel visualization guidelines and overall popularity of glyphs for presenting multivariate
information, there remain many unexplored research issues (Fuchs, 2015; Ward, 2002).
This is due to the highly flexible nature of glyph design, which allows for virtually
limitless design combinations. There are many different visual features that could be used,
each of which can be presented in different ways. Each of these dimensions and methods
of presenting them exponentially increases the number of possible glyph combinations.
There is also the matter of the different types of data that could be represented across the
many different contexts. Every one of these factors has the potential to impact the
accuracy and effectiveness of the glyph design.

Figure 5. Weather map depicting temperature and wind dynamically (Ware, 2012).
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Most of the research with glyphs in the data visualization field has largely been in
the context of data presentation for static data. Even the display of data that is temporal in
nature is usually provided in a static way with position in space or some other visual
feature representing the time data attribute. Some exceptions do exist, including glyphs
used in meteorology, which animate different weather data, see Figure 5 (Ware, 2012). In
some practical evaluations of complex glyphs, where dynamic presentation is necessary,
design selections are based on founding principles from data visualization but are not
systematically tested (McGann, Lozito, & Corker, 2001; Prinzel III et al., 2011; Xing,
2007). This is because the intent of the research is to create a working data display and
not to identify the underlying relationships that drive them. As such, there is a need for
research, which addresses the gaps in this field. The following literature review
emphasizes the visualization of dynamic states of complex systems and explores the
following topics:
•

Features & Perception: The use and comparison of pre-attentive features in
boosting the effectiveness of glyph design.

•

Data Mapping: Relationship of the data type to the feature and differences in the
orthogonal and redundant mapping of data to features.

•

Salience of Critical Values: Manipulation of the linearity of data mapping to
emphasize important ranges of data attributes.
Features and Perception.
Most glyph research, regardless of the particular field or application, uses visual

perception literature to inform their design (Borgo et al., 2013; Lie et al., 2009; Maguire,
Rocca-Serra, Sansone, Davies, & Chen, 2012; Ware, 2012). This is because it is possible
to leverage the strength of the organization of the visual and cognitive system to mitigate
its weaknesses and thereby enhance its performance (Card et al., 1999).
10

Cortical architecture is spatially mapped to the retina so that elements close
together on an image are processed by nearby neurons (Ware, 2012). However, the
mapping space is disproportional, with the fovea being granted more space than
peripheral vision. This allows for much better resolution of the visual field in foveal
vision (Wolfe & Horowitz, 2004). Recordings of activation in retinal cells shows
specialization for detection of particular features; these include different colors, shapes,
orientations, sizes, and types of movement (Healey, Booth, & Enns, 1993; Töllner,
Zehetleitner, Gramann, & Müller, 2011; Wolfe & Horowitz, 2004). Features like these,
extracted during the early stages of visual processing, can be considered as the
fundamental elements of object perception. Since these properties are detected
independently and do not interfere with one another they are also called visual channels.
Early feature capture of these visual channels is pre-attentive, this is what allows
for the automatic organization of the visual world into objects, or groups of objects, and
this is key to how glyphs function (Wickens, Hollands, Banbury, & Parasuraman, 2015).
Glyphs take advantage of information principles like gestalt principles (e.g. proximity,
similarity, continuity, figure-ground, area, symmetry, prägnanz) and redundancy to be
pre-attentively grouped and perceived as a single object. Similarly, the standardized
structure of a glyph allows knowledge of one glyph feature to predict the location of a
similar feature on another glyph in the display. The processing of this kind of
organization happens together and is called global or holistic processing (Wickens et al.,
2015). In addition to these automated and unconscious processes that effect how the
world is perceived, pre-attentive features may guide the deployment of attention. This
means that some features have an advantage in processing time compared to others when
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being searched for due to the stage at which they are processed (Wolfe & Horowitz,
2004). Higher levels of processing in the visual cortex allow for perception of patterns
and combinations of these pre-attentive features but are not processed as rapidly (Ware,
2012).
Many researchers have compared these types of features to one another in order to
determine their relative effectiveness. Bertin (1983) organized some of these visual
channels into two categories, planar and retinal variables. These retinal variables are
essentially the visual channels discussed above. Follow up investigation by Card and
Mackinlay further expanded this set (Card et al., 1999).
Planar Variable.
The planar aspect of data visualization, using position in space to define a data
attribute or otherwise organize the data represented within it, is an interesting aspect and
is part of the exploration of glyphs as data displays. Ward (2002) reviewed placement
strategies of glyphs and created a comprehensive taxonomy of placement strategies. The
two most prominent of these are data driven and structure driven glyph placement. In the
former glyphs’ x and y coordinate placement are done according to the values of a pair of
data attributes. In the latter glyphs are presented in a matrix (or other structure) and
ordered based on the values of a single attribute. An example of data driven placement
was identified earlier with military and aviation symbology. They are placed on a map
with the x and y coordinates matching the unit’s latitude and longitude. The medical
glyphs mentioned earlier are examples of structure based placement, where the glyphs
were ordered in a temporal sequence with each successive glyph representing the patient
at one increment forward in time. Figure 6 shows an example of each placement style.
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Card et al. (1999) claim that spatial placement is the most fundamental aspect of visual
structure.
A

B

Figure 6. A) Data driven placement based on fiber and sugar levels in breakfast cereals,
and B) Structure based placement sorted by sepal length of iris’ (Ward, 2002)
A

B

Figure 7. Some pre-attentive features are less efficient than others (A) A digital 2 among
digital 5s (B) A red square among green squares.
Retinal Variables.
Research in visual perception has identified various visual channels that allow for
pre-attentive search. Generally, categorization of an element as pre-attentive has been
operationalized through visual search tasks where targets differing only by the feature
being tested are presented amongst a field of distractors. If search times are particularly
short and relatively impervious to the increase of the number of distractors, the feature is
determined to have a level of pop out effect and be pre-attentive. However not all pre-
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attentive features are equal, some are more effective than others. For instance, see Figure
7, searching for a red square among green squares is fast and efficient, while searching
for a digital 2 among digital 5s is slow and inefficient (Palmer, Horowitz, Torralba, &
Wolfe, 2011). Although there isn’t complete agreement, some of the most effective
features of this kind are: color (hue, saturation, lightness/contrast), motion (speed,
direction, blinking), orientation and size (length/width, spatial frequency) (Ware, 2012;
Wolfe & Horowitz, 2004). It is generally accepted that color is the most effective of these
(Borgo et al., 2013). Other features, which are pre-attentive but seem to be less effective
include: curvature, closure, density, depth cues, intersection, opacity, intensity, texture,
blur/fading, and shape (Borgo et al., 2013; Ware, 2012). Examples of each of these can
be seen in Figure 8.

Figure 8. Examples of various pre-attentive features.
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There are three additional considerations that impact the application of this
perception research on pre-attentive features to the design of glyphs. First, not all levels
of these pre-attentive features are equal (Ware, 2012). Larger differences in a given
feature make them easier to separate from other levels of that feature. So for example,
when looking for an orientation change from a neutral position, a 35° degree change is
noticed more quickly than a 5° change. Different visual channels have different carrying
capacities, the number of distinguishable values they provide for visualization (Chung et
al., 2015). The carrying capacity of a visual channel is determined by a number of things
including the size it is presented at, the smallest detectable change in the channel that a
person can see (just noticeable difference), and other perceptual factors (Borgo et al.,
2013; Chung et al., 2015). Second, the level of similarity between the target and
distractor features as well as the level of similarity between the distractors from each
other impacts the efficiency of detection (Ware, 2012). Specifically, the more similar
targets are to distractors and the more different targets are from one another, the less
effective search for the target will be (Ware, 2012). Lastly, the combination of these low
level features adds additional complexity. One aspect of this combination is the way these
features can be mapped together, which is discussed in the next section and the other is
the search for the presence of multiple features within a single glyph which has been
explored elsewhere (Sivagnanasundaram, Palmer, & Chaparro, 2015).
Data Mapping.
The faster and more accurately information is interpreted from a glyph, and the
more clear distinctions in its values are, the more effective it will be (Card et al., 1999).
When data is mapped to a glyph, there are two important considerations. First, selecting
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the right visual channel for the data type being represented and second, determining how
to map it to the glyph.
A data’s “type” is usually defined by the scale it uses, whether nominal, ordinal,
interval or ratio. Lessons from semiotics identify that there are intuitive mapping between
data types and visual channels, (Chung et al., 2015) refer to this as the criteria of
typedness. Essentially, similar to data, visual channels have scales and data visualization
is most effective when the scale of a data attribute is aligned to that of the visual channel
that it is mapped to. For example a ratio data variable like a person’s weight is better
represented by size than it is by shape. Similarly, when Bertin defined his initial set of
retinal variables in the 1980’s, he identified position, size and gray scale (contrast) as
good ways to express scale since they have a definable zero point (Card et al., 1999).
Comparatively, orientation, color, texture and shape do not automatically identify a zero
point. However, follow up work indicates, some of these channels like grayscale
(contrast), color, texture, and shape, can still indicate ordinal information reasonably well
(Card et al., 1999). Note that color can be considered to be made up of contrast, hue and
saturation. Of these contrast (grayscale) and saturation could provide ordinal information
but hue does not naturally provide ordinal information. Recent research by Chung et al.
(2016) investigated the degree to which seven visual stimuli (value (contrast), size, hue,
texture, orientation, shape and numerals) could represent order and how well minimum
and maximum judgments amongst them could be made. They found that contrast and
texture provided the best appearance of order with hue and orientation performing poorly.
The authors noted that minimum and maximum judgments were generally better for
stimuli perceived as more ordered.
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Once a visual channel has been selected, this begs the question of how to best
map the data to the glyph. There are generally three ways to map the data as identified by
Ward (2008). Each data attribute can be mapped to a unique feature; this is called a one
to one mapping (Ward, 2008). This can be seen with Chernoff Faces, which use each
facial feature to represent a different data attribute (see Figure 1). By doing this the
information carrying efficiency of the glyph is maximized with each additional
dimension providing more information (Wickens et al., 2015). Many to one mapping on
the other hand refers to using the same physical dimension, such as the length of a line,
over and over in the same glyph to represent different data attributes. Glyphs like the star
plots described earlier, are examples of this kind of mapping with each data attribute
represented by a different line or spoke (see Figure 1). Ward (2008) suggests that this
type of mapping is particularly useful when it is necessary to compare different data
attributes within the same glyph. Lastly, one to many mapping (or redundant coding)
refers to using one or more physical dimensions to represent the same data attribute
(Borgo et al., 2013; Ward, 2008; Ware, 2012). For example, using both contrast and size
to represent a single data attribute, as the data attribute being represented increases in
magnitude both the size and contrast of the glyph increases (see Figure 9). This allows
visual search for this data attribute to occur by either of these visual channels as changes
in either correlates to changes in the data. Use of redundant coding has been shown to
reduce the risk of information loss (Borgo et al., 2013; Ware, 2012; Wickens et al., 2015).
A recent review of empirical research by Fuchs (2015) focused on glyph research done
through user-based performance evaluations and identified trends in glyph research
including specific gaps in the existing body of research. Of these gaps found in the
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literature, one was redundant mapping and how it works in glyphs. A specified example
of a possibly useful research question was how different aspects of redundancy impact
performance (e.g. integral versus separable redundancy).
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Figure 9. In one to many mapping (redundant mapping), each data attribute is represented
by multiple visual channels (in this case, size and contrast).
Integral Versus Separable.
The ability to perceive two or more combined attributes as individual components
or only as the sum of their parts describes the difference between a separable dimension
and an integral one. In separable components, the features are able to share the space
without losing discriminability, while with integral components the two fuse and become
indistinguishable. For example, mixing two colors together makes the base components
indiscernible. On the other hand, mixing a shape and a texture still allow the two
components to be discriminable from one another. Early research by Garner (1974)
modeled the level of dissimilarity between objects that differed on integral and separable
dimensions. Distances between features of objects that differed on integral dimensions
could be represented by Euclidian distance and conversely, distances between features of
objects that differed on separable dimensions could be represented by City-block
distances as illustrated in Figure 10 (Borgo et al., 2013; Donderi, 2006). Although, in his
review of this research Ware (2012) notes that there is not a lot of research that
investigates these dimensions in more than a pair at a time.
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Figure 10. Representation of Euclidean (left) and City-Block Distances (right)
If dimensions are separable it becomes easier to make comparisons along the
different individual levels, a trait that is useful with respect to visual search across glyphs.
Additionally, when redundant coding is used a tradeoff has been observed in research
between integral and separable dimensions. If redundant coding is used with integral
components, there is a speed advantage for classification. This advantage is not observed
in redundant coding for separable components, however separable components are also
resistant to interference experienced by search across integral components when there is
no redundant coding (Ware, 2012). Based on the literature, Ware (2012) suggests that
integral properties be used when responses need to be made on the basis of two combined
features, while separable features be used when comparisons need to be based
individually on either of the combined features’ levels. From computational research,
similar findings were identified with respect to estimates of the cost effective nature of
encoding integral dimensions versus separable features. Based on Borgo et al.’s (2013)
summary of the research, the best solution for status displays would be to combine as
many separable visual attributes as possible. Keep in mind that much of this comes from
evaluations that were either not done on glyphs or did not evaluate human performance
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with respect to these distinctions. As mentioned earlier (Fuchs, 2015) identified that
empirical user-based evaluations looking at this aspect in glyphs are lacking in the
literature.
Visual Complexity.
There is almost always some improvement when redundant mapping is used,
although the specific level of improvement isn’t easy to predict, tending to vary based on
the specific combination of features (Ware, 2012). This concept of redundancy gain is
balanced with that of response conflict; when two visual channels are presented
sufficiently close together both will be processed and some level of competition occurs
(Wickens et al., 2015). This competition is overcome if both visual channels have a
common implication but is amplified if they do not (Wickens et al., 2015). Despite these
findings, it is important to understand that redundant coding tends to increase the
complexity of a glyph. In their survey of glyph usage Borgo et al. (2013) identified that
there tends to be a tradeoff between the complexity of a glyph and the number of glyphs
that are displayed at one time. Either, 1) more information can be presented for a limited
number of entities /locations /data sets or 2) less information can be presented for a large
number of entities /locations / data sets. Figure 11 gives examples that illustrate this
tradeoff (Borgo et al., 2013).

Figure 11. A variety of glyphs as illustrated in Borgo et al. (2013) demonstrating the
spectrum from small and simple to large and complex.
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The concept of redundancy should be balanced with findings of research into
object complexity. Alvarez & Cavanagh (2005) demonstrated that as the visual
complexity increases, visual working memory capacity decreases. This indicates a tradeoff between the relative visual complexity of a glyph and the number of glyphs that a
person can hold in visual working memory. Luck & Vogel (2013) define visual working
memory as the “active maintenance of visual information to serve the needs of an
ongoing task”. A possible decision-making task with a glyph display would be to
determine the best unit for a task based on the level of a variable. This would require
making comparisons, keeping the best candidate in mind as each successive candidate is
considered. This kind of process involves visual working memory.
Saliency of Critical Values.
In their review of design guidelines for the creation of glyphs, Borgo et al. (2013)
recommend using redundancy but also prioritizing the redundant coding to the most
important variables, making use of pop out features like color and size. In fact, they
suggest that visual search for glyphs when considered in isolation will be more affected
by these kinds of global features than local features. Similarly, Ware (2012) recommends
making the critical values of data more salient, since the primary objective of
visualization is to highlight patterns in the data through relative differences and not by
capturing precise data values. The visual system is apt at identifying differences but not
at identifying absolute values. Only some graphical variables allow for appropriate
representation of quantities (e.g. color, size, lightness [contrast]), and even then simple
mapping like these are unsuitable for quantifying values (Ware, 2012). However, in real
world contexts, particularly in status displays, there is an actual need to quantify precisely
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the amount of a particular variable. In these cases, text is placed on the display, even
being placed on glyphs in a consistent position with some connection by either proximity
or a line to indicate the relationship to the graphic. One example of graphic quantification,
instead of numerical, is the creative use of shape coding to identify exact values. This
was done with wind barbs seen in Figure 12. The feathers of the barb encode wind speed
to an accuracy of 5 knots, allowing for about 30 steps of resolution (Ware, 2012).
However, training is required to interpret these and they also have perceptual issues due
to this shape coding. Specifically, the shaft of the barb is meant to indicate wind direction,
but the feathers interfere with this, and so wind patterns become difficult to identify.

Figure 12. A wind barb, capable of identifying wind speed to an accuracy of 5 knots
without the aid of text, (Ware, 2012).
In aviation, saliency of critical values is seen by the use of collision alerts. These
alerts guide attention to the navigation interface for critical events that require immediate
attention. Specifically, they use a color change and sound to notify pilots when another
aircraft is dangerously close (refer back to Figure 3A). In designs for the next generation
(NextGen) of aviation displays, these events not only cause a color change but also
increase the size of the icon and add an outline shape, a square or a circle depending on
the level of the alert, increasing the overall saliency of the glyph (Lawrence et al., 2010;
Olson et al., 2009). Use of color-coded alerts like this are present in many different
systems and have proven to be an effective method to guide attention (Ware, 2012;
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Wickens et al., 2015). Interestingly, in these systems the introduction of redundant
information is done dynamically based on criticality because, as research has shown,
movement and change are also attentional guides (Borgo et al., 2013; Ware, 2012). Other
more standard applications include color guides around gauges to identify critical ranges,
like in velocity and acceleration gauges.
Salience Through Motion.
Research exists on motion as a feature and cues like the direction of motion,
velocity of change, and blink rate have all been found to be pre-attentive features.
However, despite the defacto presence of animation in status display glyphs, there is little
empirical research on the topic. There are certainly many status display glyphs, which
use motion in different ways; position displays, weather maps, gauges. The reason that
this has likely not been explored is due to the difficulty in the number of factors that are
impacted by the animation. For example in a status display where the glyph units are
moving on a map, the impact of glyph velocity over the different features of a map could
impact the efficiency of the glyph. Additionally, the individual features on the glyph
could be changing and updating as the glyph is moving. There are also possible impacts
of zooming in and out of the map and how best to accommodate with sizing of glyphs
and their individual features.
Salience Through Data Mapping.
Some research has taken a perception-based approach to the design of 3D medical
glyph visualizations (Ropinski, 2011; Ropinski, Specht, Meyer-Spradow, Hinrichs, &
Preim, 2007). To better differentiate values that were visualized the authors apply
discrete steps rather than continuous mapping of their data attributes to their visual
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channels. Figure 13 shows examples of this as applied to the volume of a sphere, with the
graph on the left illustrating the different mapping functions. Figure 14A shows what a
linear mapping to length of line segment would look like. Figure 14B and C show two
non-linear mappings that emphasize a range within the data values. This is one method
that could be used to make levels in a visual channel more salient for a critical range. As
identified before, smaller differences in a given visual channel are not as easily identified
as larger differences. So, by having a non-linear mapping of data to a visual channel,
certain ranges within that channel can be visually emphasized. There is a tradeoff
however, because the visual channel has a limited capacity. Increasing the steps in one
section of the range means either removing from the overall channel capacity of the glyph
that is used or compressing the levels of the visual channel for the rest of the range. For
example in Figure 14, the same range is emphasized (in yellow) by non-linear mapping
but Figure 14B has fewer overall steps used of the available channel capacity and Figure
14C is using more of the channel capacity in the non emphasized range to allow for
further separation of the levels in the emphasized range. Another way to think of this is,
given a limited resource (channel capacity), one could assign more of that resource to a
few sections of a range, but by doing so less of that resource remains for the rest of the
range.
The use of these mappings to emphasize a critical range was part of the
application of a perception-based taxonomy to aiding decision-making in the medical
field. However, it is worth noting that no performance metrics were taken to evaluate
how successful these were in terms of facilitating visual search or proportion correct. The
authors noted that a systematic evaluation is still needed to substantiate their pre-attentive
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claims. In these studies the non-linear functions were applied by selecting an available
mapping function or through a user interface that allows an individual to determine the
upper and lower bound and apply a function that suited their objectives. Although the
way the functions were determined would not be suitable for a status display, the
methodology itself could provide an interesting way to emphasize critical ranges for
glyph status displays.

Figure 13. Different examples of mapping functions: (Top) Linear, (Middle) Step
Function, (Bottom) Ramp and Step function; Ropinski (2011)
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Figure 14. Emphasizing an area by reducing the levels in between with a non linear
function, can be done by either (B) removing overall levels of channel capacity or (C)
compressing the non emphasized range to allow more separation in the emphasized range.
A potential drawback of this method is that the relationship between data and
representation will not be preserved. Borgo et al. (2013) state that an important principle
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of glyph design is to maintain a uniform mapping of a data attribute to a glyph property.
A simpler example of this would be using the area of a circle to represent a linearly
increasing data attribute, because the area of a circle increases quadratically. Tufte calls
the ratio between the visual change and the numerical change the “lie factor” (Donderi,
2006). The change in a visual channel that is mapped non-linearly is not truly
representing the relative change in the data attribute.
Supervisory Control of Automation
Command and control of automated systems require sustained attention. Most of
the information that is monitored in this type of interface (e.g., system location, system
status, available fuel etc.) will be required by the user to make a decision. This data also
provides an understanding of the system’s overall “health.” In the case of immanent
danger to one of the systems, alerting functions like those described earlier for aviation
displays are often implemented. Generally, high-salience cues like alarm sounds are used
to grab the user’s attention, and others like color changes (yellow or red) on the interface
orient the user to a particular problem. However, with many individual systems under
supervision by one user, it is possible for a number of alerts to occur simultaneously. The
more of these events that occur concurrently or in close succession, the less effective the
use of salient cues will be. Increasingly, operators are tasked with monitoring multiple
automated systems, driving the need for ways to efficiently convey information. As
identified in previous sections, data visualizations are an effective way to achieve this
goal and glyphs are a visualization intended to show summary information for a number
of units.
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Enhanced awareness of the ongoing state of monitored systems, before they reach
a problem state could help alleviate the occurrences of simultaneous alerts by preemptively focusing on the higher-risk systems. By combining concepts discussed from
the literature including 1) use of efficient features, 2) redundant mapping of data and 3)
non-linear mapping, this research examines a data visualization approach that may
provide some help to one aspect of this problem.
The identification of a system that is approaching a dangerous level is more
efficient if that information is represented using a feature that supports efficient search.
Additionally, the range of values that precede the level at which the system triggers an
alert could be selectively enhanced through the application of non-linear mapping.
However, since non-linear mapping can lead to misinterpretation of true data values,
rather than applying it to the search efficient feature representing the information it can
be applied to a redundant feature that also represents that information. Redundant
mapping may have its own caveat, in that it increases the visual complexity of the glyph.
By introducing non-linear mapping through a redundant feature and retaining the linear
mapping of the search-efficient feature, it is possible that the higher-threat values of a
scale can be enhanced while retaining the efficiency of the base feature.
The proportions of monitored systems that occupy the enhanced range will likely
impact the difficulty of determining the one that is most in need at any given time. The
closer together the values of the glyph data variables are, the more similar their
visualizations will appear. Since this could have a moderating impact on the effectiveness
of the enhancement from non-linear redundant mapping, this research also explores the
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impact of moderate and large proportions of displayed glyphs presented within the
enhanced range.
Lastly, all monitoring displays of the type described above are meant to provide
continuously updating information about each system. When relatively fast changes
occur in the data variables represented, the presentation of these changes will be
displayed as animations of the glyph features. Motion is known to effect visual search,
acting either to attract attention to a relevant target or cause distraction. It is important to
know how static and dynamic presentations of the non-linear redundant mapping will
impact performance, so this was also explored in the research.
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CHAPTER THREE
RESEARCH SUMMARY
A review of the literature surrounding glyphs and their design was conducted.
Much of the best practices and guidelines that apply to the design of glyphs can be drawn
from more general research in data visualization. This literature in turn draws many
conclusions from research in psychology and visual science. However, concepts and
proposed methods in this body of work are not always tested in behavioral settings.
An interesting technique used in big data displays is to emphasize underlying
patterns in the data with non-linear mapping. By exaggerating the presentation of data for
a small range of the total set of values for a data variable, global patterns between that
range and other data variables become more salient. This technique had been used
infrequently outside the big data setting. The general warning for use of the technique is
that it can mask the true values of a given feature because it represents the information in
a way that does not align to its true value.
A much more common concept in both vision and data visualization research is
redundant mapping. It is generally accepted as a good way to increase speed of
recognition or decrease information loss when looking for a feature. However, the precise
nature of its impact varies based on the manner in which it is used.
The core idea for this dissertation was to combine these two concepts. Using a
base feature to provide relative information about the true value of some data. Then nonlinearly mapping another feature to it (redundantly) to provide additional salience for a
specific range of the data. In doing so, providing an advantage to identifying ordinal
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relationships of glyphs within that range. This would provide a potential design solution
for status displays used to monitor groups of automated systems by allowing users to
identify dangerous situations as they develop and before they co-occur.
This dissertation used contrast as the feature to be mapped non-linearly. A set of
glyphs were designed for use in the experiment, they were based in the context of a
potential future application of automated systems. Three features known to be search
efficient in the visual attention literature were used to develop the glyph stimuli from.
Chapter Four discusses the details of the creation of the experimental stimuli and the
reasoning for the choice of features. After creation of the glyphs, they were tested in a
pilot study to determine how many levels of contrast could be mapped to each feature.
Chapter Five discusses the method used to identify these levels.
The proportions of the glyphs being monitored that fall within a given range and
the dynamic nature of how these status displays are updated is inherent to their design.
Since both of these factors could moderate the effectiveness of the non-linear redundant
mapping technique, they were tested alongside the data mapping technique.
A pair of experiments was then run to test the application of contrast as a nonlinearly mapped redundant cue. In the first experiment, the basic concept was compared
to a control condition across each feature. In the second experiment, the concepts
effectiveness during dynamic changes of data values was investigated. In both
experiments, the proportions of the data within the emphasized range were manipulated.
In this manner, the concept of contrast as a redundant non-linear feature was tested for
use and a variety of potential moderating factors were explored. Chapter Six and Chapter
Seven detail both of these experiments.
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Results were encouraging and the technique can be used for basic glyph
applications where emphasis of a particular range would be beneficial. However, given
the moderating factors identified, additional research and validation is necessary
including testing the technique in more realistic settings.
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CHAPTER FOUR
DESIGNING THE GLYPH STIMULI
A number of glyphs already exist and a several of these are illustrated in Chapter
Two. A number of them, like star plots and metroglyphs, only use a single feature to
represent all of their data variables. Since part of the objective of this research was to
explore how effective the non-linear redundant mapping was across different features,
these glyphs were not ideal candidates. Other glyphs that use separate features to
represent each of their data variables tended to already make use of a variety of different
design choices, like redundant mapping, that could interfere with the technique being
tested. In order to minimize the impact of these other design choices a novel glyph
stimulus was developed for use in this research. To balance this control with the
complexity of real world interfaces, a context was chosen to guide the design of the glyph
stimuli. There are many applications for system health status displays with automated
systems. One particularly interesting context that is future focused is the monitoring of
unmanned space probes conducting near Earth asteroid mining operations. The specific
context helped guide the design of the glyphs and provided a context for the actual
representations. An added bonus was that it provided a narration that was hoped would
stimulate the interest of participants performing the search task.
Basic Perceptual Features
The features to be integrated into the glyph needed to be efficient without being
distracting since they would be displayed en mass for extended periods. For example, the
use of features like color, flashing/blinking and jittering/shaking are very effective at
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guiding attention, however when used in larger numbers tend to be less effective. More
importantly, these high salience perceptual cues are usually the ones that are taken
advantage of for alerting and representing danger conditions, so a designer would be best
served restricting their use for that purpose. A number of perceptual features that promote
efficient search were considered. In order to minimize the duration of the experimental
session, only three were chosen for evaluation in this study. The length, position and
orientation features were good candidates and could be easily integrated into a glyph.
This resulted in the creation of three glyph components or glyph features: 1) an Arc
representing information through it’s length, 2) a Gauge representing information through
the position of an internal indicator and 3) a Needle representing information through it’s
orientation. See Figure 15 for an example of the glyph with each of these three features
labeled.

Arc
Needle
Gauge

Figure 15. Example of the glyph created for the research.
•

•
•

Arc: Located at the very top of the glyph, the arc represents the integrity of the
probe’s hull. In other words, how much of it’s external shielding is intact. This
feature maps information to the length of an arc.
Gauge: Located to the left of the central shape, the gauge represents the probe’s
fuel store indicating how much fuel it has remaining relative to its full tank.
Needle: Located between the central shape and arc, the needle identifies the
temperature of the probe’s hull, it acts like the needle of a gauge.
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The Enhanced Range
Each of the features has a possible range of values, for practical reasons these
were considered from the perspective of angles for the arc and needle and position
vertically for the gauge. So when speaking about the range of each feature: at it’s
maximum length the arc subtends an angle of 128° and can be reduced to 0°, the needle
travels from 0° to 180° degrees and the gauge’s indicator has 69 increments of movement
from top to bottom. Each of these was split into three smaller ranges roughly
corresponding to the proportions of 10%, 25% and 65%. The smallest increment of 10%
represents values where an immediate action is required and where automation is best
applied to notify the user of an imminent threat. The 25% range represents the enhanced
range where improved user attention could help inform decision-making and early
detection of threats. The other 65% represent a safe zone for each variable level. For real
world applications these ranges would need to be determined by analysis of the systems
and historical data on when and where critical decision events tend to occur in the value
range.
Each of these ranges was mapped to the features so the 10% critical range
represent the end of the scale that made most sense as dangerous. The last 14° that arc
subtends before disappearing and the hull is breached, the last 7 increments of vertical
space before the indicator reaches the bottom of the gauge and the probe is out of fuel, as
well as the last 19° before the needle points completely to the right and the probe
overheats. This means the 25% of each scale representing the space before these values
are the ones that were enhanced for the research.
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Contrast as a Redundant Non-Linear Feature
Contrast was identified as a good candidate to be used as a redundant cue to be
mapped non-linearly to each feature. This means that contrast (or gray level) would be
applied to the fill of each of the glyph features. It would appear at a light shade when the
feature was at a value in it’s safe zone and only change to darker levels if the value of the
feature it were mapped to was within it’s enhanced range. For example, consider the
gauge feature. When a probe has a full fuel tank the contrast of the outer frame of the
gauge would be displayed as the lightest shade. This same shade is used when the gauge
is showing other high levels of fuel (e.g. 90%, 80%, 70%) that are above the enhanced
fuel range. When the fuel level shown by the internal indicator is within the edge of it’s
enhanced range (35%), the contrast level is displayed as one shade darker. If the gauge
shows fuel levels that are even lower the contrast is displayed at successively darker
shades. This type of mapping is directional and the darker shades were used to represent
proximity to an immanent threat (the last 10%).
There is a relationship between contrast and size, where contrast perception is less
sensitive at smaller sizes. So when determining the size of each feature, the
recommendation for minimum size of objects for color information from MILSTD 1472F
was accounted for (Department of Defense, 1999). At least one component of each
feature used to map contrast was at or above the size minimum recommended for 30 arc
minutes with observers at 20 inches. Additionally, testing was done with each feature and
contrast presentation method. Figure 16 shows the corresponding shades of gray that
were used to map as contrast to each glyph feature. These values were determined
through a pilot study, details can be found on page 40.
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Figure 16. Set of contrast levels used for redundant mapping.
Glyph Feature Design
The Arc.
This feature was placed above the representation of the probe. As per guidance
from Ware (2012) and Borgo et al. (2013), an attempt was made to have a metaphoric
relationship between the feature and what is being represented. A curve was used to
emphasize the metaphor of a shield or barrier ahead of the probe. There are two parts to
this feature, a horseshoe like bottom piece and a curved arc that fits on top. Information
from this shape is conveyed by changes to the length of the arc. The length of a line or
shape is a feature that facilitates efficient search (Ware, 2012; Wolfe & Horowitz, 2004).
When it is at full length, leaving only a thin space between itself and the horseshoe, the
probe is considered to have full hull integrity (i.e. fully intact hull with no damage). As
the probe sustains damage, this arc will deplete symmetrically from either side. In the
conditions where redundant information is provided, the contrast of the lower horseshoe
is darker when the arc is small enough to represent values inside the enhanced range.
Starting from the beginning of the enhanced range to the end, the contrast of the
horseshoe is presented in darker shades to represent a less intact hull. Figure 17 shows
how the arc appears at (A) its full length when the hull is completely intact, (B) the
beginning of the enhanced range, and (C) the end of the enhanced range in each of the
display-mapping conditions.
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Figure 17. The Arc feature when it is A) full, B) starting, and C) finishing the enhanced
range 1) without and 2) with redundant coding.
The Gauge.
This feature was placed to the left of the central shape and operates like a fuel
gauge. There is a filled rounded outer frame inscribed with a white rectangle, inside this
rectangular space is a solid horizontal line. When the line meets the top of the white
space that indicates the probe has a full fuel tank and when it meets the bottom that
indicates an empty fuel tank. The position of a line or shape is a feature that facilitates
efficient search (Ware, 2012; Wolfe & Horowitz, 2004). In the conditions where
redundant information is available, the contrast of the frame is different if the position of
the line represents a value in the enhanced range. The lower the line within the enhanced
range, the darker the frame is to represent less available fuel. Figure 18 shows how the
gauge appears (A) when the line is at the top indicating that the fuel tank is full, (B) at the
beginning of the enhanced range and (C) at the end of the enhanced range in each of the
display-mapping conditions.
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Figure 18. The Gauge feature when it is A) full, B) starting and C) finishing the enhanced
range 1) without and 2) with redundant coding.
The Needle.
This feature was placed above the central shape but below the hull indicator to
identify the connection between these two features and the information they represent.
The feature has a line with a rounded tip whose opposite end is fixed to the center of a
circle. The rounded end of the line rotates around the center of the circle it is connected to,
like the needle of a gauge. The orientation of the line is used to indicate the temperature
of the hull of the probe. Orientation of a line is a feature that facilitates efficient search
(Ware, 2012; Wolfe & Horowitz, 2004). The needle is flanked by two smaller dark
circles that act as indicators for the minimum (left side) and maximum (right side) values.
When the needle is pointed directly to the left, this indicates the low end of normal
operating temperatures. When the needle is pointed directly to the right, this indicates a
state of extreme overheating for the hull. The needle can point along the 180 degrees
clockwise from the left to the right indicator. This area roughly matches the span of the
arc. In cases where redundant information is available, the contrast of the feature itself
(but not the flanking circles) will change as temperature values high enough to be in the
enhanced range are displayed. As the orientation moves further to the right, it becomes
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darker to represent a hotter hull. Figure 19 shows how the needle appears (A) when it is
pointing to the left at a low temperature, (B) the beginning of the enhanced range and (C)
the end of the enhanced range in each of the display-mapping conditions.

1A

1B

1C

2A

2B

2C

Figure 19. The Needle feature when it is A) neutral, B) starting and C) finishing the
enhanced range 1) without and 2) with redundant coding.
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CHAPTER FIVE
PILOT STUDY
With the intent of using contrast as the feature to map redundantly to the others, it
was important to determine what levels of contrast were discriminable by participants.
This is because the theory being tested depends on mapping contrast non-linearly to the
features. By using nonlinear mapping a smaller range of values can be enhanced by
representing them using larger contrast differences. If the actual perceptually-separable
levels are unknown, the mapping could result in difficult-to-separate contrast levels being
used in the main experiments and masking the effect of this type of mapping. There are a
number of methods for estimating the discriminable levels of human perception for some
pre-attentive visual channels. For example, Chung et al. (2016) used an estimate from the
literature of 0.5% luminance as a guideline to determine the separation of contrast levels
in their experiment. However, the available estimation methods are based on simple
presentations of features and were not representative of the form they will take in a glyph.
The objective of the pilot study was to identify levels of contrast that could be
discriminated across the three glyph features designed for the experiment. It should be
noted that the goal was to determine a set of practical values that could be used for the
experiment and not to map out the entire perceptual function for contrast.
The method for estimating discriminable contrast levels employs multiple
psychological methods (i.e., method of adjustment, stair casing, two alternate forced
choice). Initially, participants adjusted a contrast level themselves, then it was altered by
a stair casing algorithm called best PEST (Lieberman & Pentland, 1982) and lastly a
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round of repeated exposures were used to identify if a stable contrast level had been
identified. There were seven graduate students who participated in the pilot study, each of
them spent approximately 80 minutes completing the tasks. The order in which the target
features were presented to participants was counterbalanced. The following sections
explain each of the phases of the pilot in more detail. Contrast levels are described with
respect to gray level values and are expressed as single numbers. These numbers are
reference values of the 256 RBG gray levels (e.g. 0 would mean an RGB of [0 0 0],
which is the color black, or 120 would mean an RGB of [120 120 120] which is a darker
gray).
Orientation
Participants were first tested using the Pelli-Robson contrast sensitivity test to
ensure that they had normal contrast sensitivity. Next the participants were presented
with a tutorial that described each of the three glyph features (arc, gauge and needle). The
facilitator verbally confirmed that the appearance and name of each feature was
understood before the next part of the tutorial that described the experimental protocol
and their task. Finally, before starting they were shown a test screen. The test screen
presented a set of duplicate images of part of the glyph in progressively lighter grays that
transitioned to a completely white image over a white background. The RGB value of
these images ranged from 204 to 255. Participants were asked to select the lowest
contrast image they could discriminate from the set. The value of their selection was used
as the cutoff value for ending each search for contrast levels across the three features.
From this point the main section of the pilot began.
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Figure 20. Example of the test screen where pilot participants selected the lowest contrast
icon that they could clearly see.
Target Feature is: Arch

Figure 21. A representation of the User Adjustment Phase. In this representation, the user
has already adjusted the glyph feature on the right.
Phase One: User Adjustment
The target feature for the first block was identified in text at the top of the screen
and two identical glyphs were presented on either side of the screen. The target features
on both glyphs were presented as completely black. The other features were present but
displayed as the gray level selected by participants in the orientation. The glyph on the
left side acted as a base value for comparison and the glyph on the right side was a
selection value that the participants could control the gray level of. The participants were
asked to make adjustments using graphical user interface (GUI) controls to change the
gray value of the feature to be lighter until the difference between the two target features
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was just noticeable to them. These four controls were labeled with arrows (|<<, <, >, >>|),
two that changed the RGB gray values by steps of +/- 5 (|<<, >>|) and two that changed
the RGB value by +/- 1 (<, >). Participants were never shown the RGB value level. When
they had finished making their selection they would advance to the next phase.
Phase Two: 2AFC with best PEST
Participants were asked to identify which side of the display had the darkest target
glyph and press a corresponding key. The best PEST (Lieberman & Pentland, 1982)
algorithm operates by quickly narrowing the search for a participant’s contrast detection
threshold for a defined range. To present it with a smaller range than the entire range of
gray values, the base value from phase 1 was assigned as the bottom of the range for the
algorithm to search and twice the participant’s selection value was used as the top of the
range. This instance was the starting trial of the two alternative forced choice (2AFC)
procedure, with two glyphs on each side of the screen, one with the target feature at the
base gray level and one with the target feature at twice the selection gray level they made
(see Figure 22). From here the best PEST algorithm processed the participant’s response
and based on whether they were correct or incorrect outputted an updated predicted value.
The predicted value was used to replace the gray level that had been used for the
selection glyph. So the second trial would have the participant compare a feature at the
base gray level with a feature at the predicted gray level. Note that the side on which the
predicted and base targets are presented is randomized. This process repeats until the best
PEST had twenty-five trials to make its best prediction. This best guess was then passed
on to the last phase.
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Target Feature is: Arch

Figure 22. A representation of the 2AFC task for phase one and two. The participants
identified which glyph had the darker target feature (the glyph on the right in this image).
Phase Three: 2AFC with Increments
The last phase of the pilot served to evaluate the estimate of the threshold
obtained from phase 2. Participants continued the 2AFC task, but each set of ten trials in
this phase was identical and not being updated by the best PEST algorithm. The purpose
was to gauge the level of accuracy achieved with the predicted value obtained from phase
2. If the participant was accurate at least 8 of the 10 times, the predicted value was
accepted as the correct threshold. If the participant did not achieve the performance
threshold, the value of the predicted value was increased and the participant was tested
another 10 times.

PHASE ONE

PHASE TWO

PHASE THREE

Sel Val * 2

Base Value
Starts as black

Prediction
Value
Performance
10 trials

Predicted
Value

Selection Value
User selected gray

Base Val

if < 80%

Trials

+Prediction
Proceed to next cycle
Input predicted value as base value for the next iteration

Figure 23. Summary of the process for the pilot study.
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if >= 80%

These three phases were repeated with the final predicted value of the third phase
being passed back to the first phase and replacing the old base value (which the reader
will recall started as 0; i.e. black). The participant was returned back to phase 1 and they
would make adjustments through the GUI controls until they could tell the difference
between the new base value (a dark gray) from phase 3 and their new selected value. All
three phases would cycle repeatedly and through this process a set of contrast gray level
values were mapped for each participant starting from black going up to the light gray
level they selected at the start. Once the pilot reached a value that was higher than the
value selected by the user at the beginning, it would start from the first trial with the next
feature until it iterated through all three features.
Based on this method nine contrast values were identified for use in experiments
one and two (0, 56, 81, 106, 131, 156, 181, 206, 231). Refer back to Figure 16 for a
visual example.
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CHAPTER SIX
EXPERIMENT ONE
This experiment had two primary objectives: 1) determine whether the application
of contrast as a non-linear redundant feature within an enhanced range results in
improved performance for target identification and 2) identify how the proportion of the
distractor stimuli displayed in the enhanced range impacts performance. To this end, two
types of data mapping (single versus redundant) were compared across two proportions
of distractor stimuli (half or all distractors were within the enhanced range). These factors
were tested across three glyph features designed to mimic perceptual features known to
promote efficient search (length, position and orientation). Based on the literature, a set
of hypotheses were formed:
1. There will be a positive impact of redundant mapping on search performance
compared to use of single mapping.
Non-linear redundant mapping of contrast should result in shorter search
times compared to single data mapping. This is because the redundant
feature can be used as a more effective global search cue to rapidly narrow
down the number of glyphs to be searched.
2. The proportion of distractors in the enhanced range will also impact performance,
with more features displaying values in that range decreasing performance.
When half the stimuli are presented in the enhanced range, search will be
faster than when all the stimuli presented are in the enhanced range. This
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is because the presence of more similar distractors will take additional
time to discriminate amongst.
3. There will be will be an interaction between the proportion of stimuli presented in
the enhanced range and performance across the two data mapping methods.
There will be a larger disparity between redundant mapping and single
mapping when only half of the presented stimuli are in the enhanced range
compared to when all of them are. When only half the glyphs are in the
enhanced range, redundant mapping will be more effective than single
mapping. When all the glyphs are in the enhanced range, redundant
mapping will still perform better than single mapping but this impact will
be significantly diminished. This is because with more features in the
enhanced range, the redundant feature will highlight a larger number of
glyphs and more of them will still need to be searched.

Integration of Levels of Proportion Enhanced
In order to explore the impact that the proportion of distractor stimuli within the
enhanced range has, the proportion of them presented in the enhanced range was
manipulated. Either half of the on-screen glyphs (including the target glyph) were in the
enhanced range or all of them were. An equal number of trials presented each of these
situations and was randomly intermixed among each of the feature and redundancy
blocks. The inclusion of this factor determined the selection range of distractors for each
trial. The target glyph feature values were randomly selected from the upper half of the
enhanced region (between ~78% and 90% of the whole range) for each feature.
Distractors that were within the enhanced range were selected from the start of the
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enhanced range (~65% of the whole range) up to the target value minus a small buffer.
This buffer was introduced so that there was a perceivable difference between the target
and distractors. It was equivalent to one level of contrast or 1/8th of the enhanced range
for each feature. Lastly, distractor values that were not in the enhanced range were
selected from near the beginning of the range up to the start of the enhanced range
(between ~10% and ~65% of the whole range).
Dependent Variables
Performance related dependent variables were measured including response time
(RT) and proportion correct (PC). Differences in performance was expected to be
identified through the RT data but given that no time limit was imposed for the search
task, and that it was fairly easy to perform, the level of accuracy was expected to be close
to ceiling.
Methods
Prior experience with similar visual search paradigms as well as research
involving complex multivariate visual stimuli suggests a heuristic for appropriate sample
sizes. Generally, with more than twenty exposures per condition, a sample size of 25 - 30
participants tends to provide successful detection of underlying effects. Given the
heterogeneous nature of the distractors, the novelty of the stimuli and application of the
technique, a sample size of 30 was considered to be sufficient. Due to the nature of
counterbalancing for the experiment this sample was increased to 48.
Participants.
A sample of 49 undergraduate psychology students from Wichita State University,
aged 18 - 36 (M = 21.90, SD = 4.70) participated in the study. There were 17 males and
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32 females. One participant did not complete the experiment due to an error and was not
included in the analysis. Their block order was repeated with a separate participant. All
participants gave informed consent and were remunerated with course credit for their
participation. Each participant was given the Pelli-Robson contrast sensitivity test prior to
participating in the study. All participants scored above the impairment range.
Materials.
The glyphs were designed using Adobe Illustrator and presented through
functions from the Psychophysics Toolbox via Matlab. The experiment was executed by
custom Matlab scripts, which presented instructions, trials and prompts to the participants.
This script also collected data based on information captured from the input devices,
saving the collected data as text files for later analysis. During the experiment,
participants were seated at one of five computer stations. Each station had an Apple Mac
Mini computer with a 17” Dell 1704FPV LCD display as well as a standard mouse and
keyboard. Prior to the study each display was calibrated to have similar luminance level
at a viewing distance of 20 inches. A Minolta photometer was used to take multiple
measurements and compare values across changes to the displays settings. Signups for
the study allowed up to five participants at one time but generally the number of
simultaneous participants varied greatly throughout the semester. The Pelli-Robson chart
was used to conduct contrast sensitivity tests (Precision Vision, SKU: 5014).
Procedure.
There were three main phases to the experiment: 1) Orientation, 2) Search Task
and 3) Debrief. The total duration of each experiment session varied between 60 and 90
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minutes across all participants. The following sections summarize each phase; the search
task section also includes a description of the experimental design.
Orientation.
When participants arrived they were provided with a consent form informing
them of the purpose of the study. After signing, the Pelli-Robson contrast sensitivity test
was run and their score recorded. They were then asked to take a seat at one of the
stations and fill out some demographic information. Completion of the demographic form
began the tutorial for the experiment. Participants were instructed to progress through the
tutorial and inform the facilitator once it was complete. The tutorial provided the context
for the study, a supervisor monitoring a set of space probes. It also gave a brief
explanation of the glyphs and their purpose. The tutorial then showed each of the three
tested features (Arc, Gauge and Needle) for the study and explained what each was called,
what they represented with respect to the probe and illustrated what the minimum,
maximum and intervening values looked like. Participants were able to use the arrow
keys on their keyboard to flip back and forth through the individual instructions in this
portion of the tutorial.
When they proceeded past this section, they were tested on screen by being asked
to click on a specific feature of the glyph. If the participant selected the wrong feature,
text would appear explaining which feature they had actually selected. The tutorial would
not continue until the participant successfully clicked on each of the features as they were
prompted to. In the next part of the tutorial, participants were given context for searching
for each of these three features in a set of glyphs based on which had the most or least of
their respective values. This explanation was followed by guided practice on some
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randomized examples. Four glyphs were displayed on screen and the instructions asked
the participant to use the mouse to select the glyph with the “most” or “least” of a
particular feature. This happened once for each of the features. Similar to the previous
section, selecting an incorrect response provided on screen clarification text and asked
the participant to try again. After successfully selecting the instructed maximum or
minimum value of each feature, participants were given some additional context for the
types of displays that this kind of task would occur with. This marked the end of the
tutorial and the facilitator would verbally clarify the information that participant’s had
been expected to obtain from the tutorial (the names of the feature, what they represent,
and their minimum and maximum values) and gave them a chance to ask for clarification.
If they expressed understanding, they were instructed to begin the main experiment by
pressing a key.
Search Task.
Each experimental block began with a set of instructions that specified the feature
participants were to look for and what level of that feature to identify. For example, “For
each of the following displays, you will be looking for the probe with the LEAST FUEL”
would identify the gauge as the feature to look at since it represents fuel. Out of the
gauges on screen for each probe, the one with the internal line at the lowest level
indicated the one with the least fuel left, thus it was the target. The instructions
encouraged participants to be both quick and accurate with their responses and specified
what keys to press. There were two response keys mapped to each side of the screen (“z”
for left and “/” for right), and participants were asked to use them to identify which side
of the display the target glyph was on (Siva, Chaparro, Nguyen, & Palmer, 2013; Siva,
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Chaparro, & Palmer, 2014; Siva et al., 2015). Upon a correct response from the
participant, the target was outlined by a green rectangle and a “correct” tone played.
Subsequent to an incorrect response from the participant, the incorrectly selected side
would be outlined by a red rectangle and an “incorrect” tone played. After a moment the
actual target glyph was indicated by a green rectangle. On some trials, after the
participant had selected a side, the experiment displayed a gray rectangular mask over the
glyphs on the selected side of the screen and removed the glyphs on the opposing side.
Text instructions then directed the participant to use a mouse to select the specific glyph
they thought was the target. This process was not used for all trials because it would have
added a non-trivial amount of time to the experiment but provided a way to check if
participants were completing the task as instructed. Chance level performance at this post
trial task was used to identify participants who were not performing the task as directed.
Fortunately, no participants reached this low level of performance. A small additional
inter-trial interval was imposed after each of these direct selection trials so that the
participant could return their mouse finger to the response keys before the next trial.
Between each block of trials, the participants were prompted to take a break and press a
key when they were ready to continue.
The experiment was a 3 × 2 × 2 repeated measures design (Features × Proportion
Enhanced × Data Mapping) with each participant being exposed to all levels of each
condition. There were three possible target features (arc, needle and gauge) presented
with a set of stimuli at two proportions of enhancement (half or all) across two types of
data mapping (redundant mapping or a control condition). There were three blocks of
trials and each block was made up of ten practice trials, followed by re-iteration of the
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instructions and then two hundred experimental trials. The blocks were split into two
even sections that presented trials where contrast was either used to redundantly map to
the target feature (Redundant Condition) or where it was held constant (Control
Condition). The orders in which participants were exposed to each feature (arc, gauge,
and needle) and each method of data mapping (redundant and control) was
counterbalanced across participants. This resulted in forty-eight unique orders (see
Appendix A) and each participant was run through one of them. Within each section of a
block, fifty trials were presented with half the target features in the enhanced range and
fifty trials with all the target features in the enhanced range. The order that these “half”
and “all” enhanced range trials were presented was randomized within each section. Over
the three blocks, for each level of data mapping (redundant and control), proportion
enhanced (half and all), and feature type (arc, gauge and needle), there were 50 trials
presented. This made a total of 200 experimental trials per block, or 600 experimental
trials per experiment.
On average, participants completed the visual search section of the study in
approximately one hour (M = 59 min, SD = 11 min). No explicit instruction was provided
about the use of contrast in the glyph.
Debrief.
After completing the visual search task, the participants filled out a questionnaire
that asked them about their experience with the search task (see Appendix B for a copy of
the questionnaire). This included difficulty ratings for each feature as well as one for the
experiment as a whole. There were also short-answer questions regarding their
interpretations of the use of contrast in the glyphs and any strategies they may have
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developed to help them perform the task. The questionnaire was followed up by a short
interview with the facilitator regarding their qualitative experience in terms of the
duration of the study and the number of breaks. There were also probes to try and elicit
more details about any strategies they used and their understanding of the experiment
(see Appendix C for the interview guide). The information from these qualitative sources
was used to provide context for interpreting the results of the experiment in the
discussions.
Analysis.
Response Time: Standard methods of analysis for visual search tasks compare the
mean RTs of correct responses by individual participants across each condition. Since the
distribution of the RT data tend to be skewed, most RT data needs to be processed before
analysis using parametric methods that have an assumption of normality. Standard sets of
techniques exist for this and were applied to the data collected for this experiment. To
remove the impact of outlier data, raw scores were trimmed using cutoffs of three
standard deviations at the participant and condition level. This resulted in removing 360
trials, which accounted for 1.25% of the data. Additionally, the trimmed data were log
transformed so that the distribution met assumptions of normality. A detailed review of
the standard techniques and how they were applied to processing this data are described
in Appendix D. There are also alternative analysis methods for RT data, which
summarize the data in a different way for analysis. One of these methods was explored
separately and provided similar results to the primary analysis. For a summary of these
alternative methods, and the results of the alternate analysis please also refer to Appendix
E.
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After processing, the RT data were submitted to a 3 × 2 × 2 (Feature Type ×
Proportion Enhanced × Data Mapping) repeated measures ANOVA. Relevant descriptive
information about RT data can be found in Appendix F. In cases where sphericity was
violated, degrees of freedom were corrected using Greenhouse-Geisser estimates of
sphericity. Bonferroni-corrected post-hoc tests were conducted for each significant main
effect. Sets of follow up paired t-tests were used to perform exploratory analyses of
significant interactions. Since the data were log transformed, these follow up analyses
were conducted by first collapsing across the relevant factor(s) with the raw RT data and
then applying the log transform to that data before submitting them to the paired t-tests.
Proportion Correct: PC data were processed similar to the RT data. Trials that
were likely due to anticipatory responses (< 200 ms) were treated as incorrect responses
impacting a total of 7 trials (0.02%). An arcsine transformation was used to normalize the
data for parametric analysis. Relevant descriptive information about the PC data can be
found in Appendix H.
After processing, the PC data they were submitted to a 3x2x2 (Feature Type x
Proportion Enhanced x Data Mapping) repeated measures ANOVA. As with the RT data,
Greenhouse-Geisser corrections and Bonferroni-corrected post-hoc tests were applied
where appropriate.
Results
Response Times (RT).
Planned Analysis.
Recall that the hypotheses were 1.) a positive impact of applying redundant
mapping, improving search speed, and 2.) a negative impact of more distractors within
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the enhanced range, slowing search speed. Additionally, 3.) an interaction where
redundant mapping would have a greater impact when half versus all glyphs were in the
enhanced range.
Both the Proportion Enhanced F(2, 94) = 7.64, p = .001, ηp2 = .14, and the Data
Mapping type F(1.39, 65.36) = 4.06, p = .04, ηp2 = .08 interacted with Feature Type.
There was also a three way interaction F(2, 94) = 3.33, p = .04, ηp2 = .07. These
interactions were explored in more detail through an exploratory analysis.
There was a main effect of Feature Type F(1.73, 81.41) = 38.74, p < .001, ηp2
= .45. Participants identified Arc feature targets the fastest and Needle feature targets the
slowest (all p < .001). There was a main effect of Proportion Enhanced type F(1, 47) =
47.72, p < .001, ηp2 = .50. When half of the stimuli were within the enhanced range,
participants responded faster than when all of the stimuli were within the enhanced range
(p < .001). There was a main effect of Data Mapping F(1, 47) = 197.11, p < .001, ηp2
= .81. The redundant mapping condition using non-linear contrast resulted in faster RTs
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than the control single mapping condition using just the individual features (p < .001).
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Figure 24. Comparison of the mean RT per feature. Error bars represent the standard
error of the mean.
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Figure 25. Comparison of the mean RT
for each proportion enhanced. Error bars
represent the standard error of the mean.
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Figure 26. Comparison of the mean RT
for the control and redundant mapping
conditions. Error bars represent the
standard error of the mean.

Exploratory Analysis.
Each feature was compared across the two proportions of distractors used in the
experiment (half and all) and the two mapping types (redundant and control) to see if
participant’s RTs for each target were significantly different across the levels of both
factors. Additionally, each feature was compared against one another to see if they were
significantly different from another within each of the levels of both factors. This
required nine paired sample t-tests across each interaction so alpha was reduced (α
= .006).
Paired tests indicated that all three features did differ significantly from one
another within each level of Proportion Enhanced (all p < .001). So whether only half the
distractors were in the enhanced range or all of them were, participants responded at
different rates for each feature. This corresponds with the main effect observed (Arc <
Gauge < Needle). Participants were slower to respond to the Arc (p < .001) and Gauge (p
= .004) features when all the distractors were in the enhanced range versus when only
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half of them were. However, this was not true for the Needle feature (p = .03 n.s.), there
was no significant difference in RTs across the levels of Proportion Enhanced. So
whether half or all of the distractors were in the enhanced range did not impact
participant’s RTs for the finding target Needle features.
Conversely, paired tests indicated that when redundant mapping was used, the
mean RTs for Arc and Gauge were not significantly different from one another (p = 0.02
n.s.) but they were when the control mapping was used (p < .001) with Arc features being
spotted faster than Gauge features. Needle on the other hand was spotted significantly
slower from both Arc and Gauge regardless of data mapping type (p < .001). When
comparing differences across the same feature between the redundant and control data
mapping conditions, they were all significantly different from one another (all p < .001).
Indicating that adding non-linear contrast improved mean RT for detection of all three.
Gauge!

Needle!

Arch!

5000!

5000!

4000!

4000!
Axis Title!

Response Time (ms)!

Arch!

3000!
2000!

Needle!

3000!
2000!

1000!

1000!

0!

0!
Half!
All!
Prop. Enhanced!

Gauge!

Control!
Redun.!
Prop. Enhanced!

Figure 27. Comparison of interaction in
mean RT across each proportion
enhanced (collapsed over data mapping).

Figure 28. Comparison of interaction in
mean RT across each data mapping
(collapsed across proportion enhanced).
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The three-way interaction was explored with respect to the occurrence of the two
non-significant results surrounding the Needle feature with respect to Proportion
Enhanced and Data Mapping. Paired tests were used to investigate the Needle feature’s
relationships across these two factors. This demonstrated that the only conditions where
mean RT for the Needle feature did not differ significantly (p = 0.91) were when no
redundant mapping was present and performance across the two proportions of
distractors in the enhanced range were considered. In all other cases, across the two levels
of mapping and two levels of proportion enhancement it differed significantly (p < .001).
This indicates that the Needle does indeed gain an advantage from redundancy, but when
it is presented on it’s own without redundant mapping, it is not impacted by different
proportions of similar distractors (within the enhanced range).
Proportion Correct (PC).
There was a main effect of Feature Type F(2, 94) = 20.65, p < .001, ηp2 = .31.
Participants were more accurate at identifying Arc and Gauge feature targets (both p
< .001) than Needle feature targets (p = .25). There was a main effect of Proportion
Enhanced F(1, 47) = 9.51, p = .003, ηp2 = .17. Participants were more accurate at
identifying targets in trials when only half the stimuli were within the enhanced range
compared to when all of the stimuli were within the enhanced range (p = .003). There
was a main effect of Data Mapping F(1, 47) = 102.08, p < .001, ηp2 = .69. Participants
were more accurate when contrast was provided as a redundant cue compared to when it
wasn’t (p < .001).
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Figure 29. Comparison of mean RT across each feature. Error bars represent standard
error of the mean.
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Figure 30. Comparison of mean RT
across each level of proportion enhanced.
Error bars represent standard error of the
mean.
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Figure 31. Comparison of mean RT
across the control and redundant
mapping conditions. Error bars represent
standard error of the mean.

TABLE 1. SUMMARY OF PC DATA SPLIT BY FEATURE TYPE.
Mean
SD

Arch
92.18%
5.18%

Gauge
90.91%
6.59%

TABLE 2. SUMMARY OF PC DATA
SPLIT BY PROPORTION ENHANCED.
Mean
SD

Half
90.82%
4.71%

Needle
87.34%
6.02%

TABLE 3. SUMMARY OF PC DATA
SPLIT BY DATA MAPPING.

All
89.47%
5.85%

Mean
SD
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Control
87.69%
6.69%

Redundant
92.59%
3.95%

These results support the primary two hypotheses for this experiment, the
application of non-linear redundant mapping supported faster search speeds and an
increased amount of targets within the enhanced range slowed search speed. There was
no main effect of redundancy across the different proportions of glyph in the enhanced
range. However, the three-way interaction of the factors did support part of this
hypothesis, suggesting that it was only true for the Needle feature when the non-linear
redundant mapping was applied.
Discussion
Although the mean RT data were analyzed after transforming them, for ease of
interpretability and discussion, the means and deviations from the trimmed mean RT data
will be referenced in this section rather than log scores. To review the log and trimmed
values for the mean RT please refer to Appendix I.
Below follows a discussion of each interaction and main effect that was identified
for each analysis on mean RT, and PC. One interaction that was expected but did not
occur as expected is also discussed. The section concludes with the connection of
qualitative ratings of difficulty to the results of the quantitative analyses.
Response Times (RT).
Interactions.
Search times for the Needle feature did not differ significantly across the
presentation of half of the glyphs in the enhanced range (M = 3989, SD = 1249) versus all
of the glyphs in the enhanced range (M = 4118, SD = 1411). However, as investigation of
the three-way interaction demonstrated, this only applied when redundant mapping was
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not applied. When redundant mapping was applied, there was an advantage to search
time when only half the glyphs were within the enhanced range. The lack of an effect in
the control mapping condition may reflect the absence of a distinguishing feature or
global search clue between targets and distractors to aid search. Given its performance
relative to other features, it is likely that the search across the Needle feature is just
inefficient regardless of the similarity of distractors. The number of similar distractors did
not have a differing impact because participants had difficulty distinguishing the feature
even when fewer of them were in the same enhanced range.
The Needle feature is an example of integral redundant mapping, meaning that
both the base feature (orientation) and the redundant feature (contrast) are represented by
the same physical component. This type of design is meant to provide an advantage to
search time. However, target search within the Needle feature had the slowest mean RTs
and did not gain the same advantage as the other two features in the redundant data
mapping conditions. This may be due to an inherent difference of the orientation feature
compared to size and position. It is difficult to say from the perspective of the visual
search literature since most of that work tests orientation with respect to the presentation
of simple line segment stimuli among a set of homogeneous distractors. In this study,
orientation was integrated into a more complex component amongst a visually complex
object that was embedded among heterogeneous distractors possibly slowing search.
Interestingly, the three-way interaction indicates that contrast, as a redundant feature, was
still able to produce a positive impact on an otherwise inefficient feature.
The third hypothesis, which stated that RT performance with the redundant
mapping of contrast would be more effective when only half versus all the glyphs were in
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the enhanced range, was not supported as predicted by the results. The Needle was the
only feature that showed this particular pattern, but only in the redundant mapping
condition and not the control condition. Overall, this may indicate that the ability of
contrast to provide a sufficiently good global cue for efficient search was underestimated.
It is only in the case of an inefficient feature that this impact was seen. In terms of
application, this would be advantageous for the intended purpose of the technique. It
would be possible to make distinctions even as many different automated systems entered
the enhanced range, so long as more effective features were used.
Main Effects.
Each of the features evaluated in the experiment had significantly different mean
RTs from one another. Search for the Arc feature targets was fastest (M = 2705, SD =
962), while search for the Gauge indicator targets (M = 3344, SD = 1106) was
significantly slower than Arc and significantly faster than search for the Needle feature
(M = 4054, SD = 1318). Each of the features varied in design so it was expected that
performance would vary across the stimuli. It is clear from the factor level as well as the
interactions that the Needle feature was the least effective in terms of search speed. As
discussed above, this was likely due to its small presentations size. A larger presentation
and an unexpected search strategy may explain why the other features were more
successful. The Arc was the largest of the three features. When at maximum, it spanned
an arc length of 210 pixels. The difference between its arc length at the start and end of
the enhanced range was 32 pixels. The Gauge and Needle stimuli on the other hand did
not vary in size as they were based on position and orientation respectively. The indicator
of the gauge was displayed across a 69 pixel range, of that 16 pixels represented values in
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the enhanced range. The tip of the needle was displayed across an arc length of 111
pixels depending on its angle, with values in the enhanced range spanning 29 pixels of
that arc. The maximum lengths for each feature are illustrated in Figure 32. Since the Arc
was larger overall and varied in size, it tended to be easier to discriminate and resulted in
faster overall search times. Comparatively the other two features relied on position and
orientation information. Although the indicator of the Gauge was smaller and it’s
possible values were displayed across a smaller pixel range than the Needle’s values, it
still performed faster overall. A possible explanation for this comes from the qualitative
responses from participants. One strategy reported for finding targets Gauge features was
to “look for the smallest box”. Elaboration of this strategy identified that some
participants would use the rectangle defined by the gauge indicator and the bottom of the
white space inside the Gauge to compare across glyphs. So, although the indicator itself
is small, its position has the practical effect of splitting the larger rectangular space into
two proportionally distinct rectangles. The proportions of this rectangle across the
different glyphs could be used to help with discrimination.
210 px

111 px

69 px

Figure 32. The lengths along which the differing levels of each feature were presented.
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The results showed that the application of non-linear redundant contrast reduces
search times. The application of a non-linear redundant contrast to a base efficient feature
does help search time for a value in a specific range of values. This enhancement allowed
for faster overall search times when used (M = 2681, SD = 938) compared to a control
condition without the redundant mapping (M = 4055, SD = 1087). Additionally, this
improvement was observed across all three features, although to differing degrees. These
results are consistent with the first hypothesis for this experiment. A non-linear redundant
feature can provide a global cue that directs attention to glyph features whose value falls
within a particular range and facilitate search for a specific target in that range.
Participant qualitative feedback provides further agreement with the results of the
quantitative test. All participants report noticing the contrast levels and nearly all (96%)
reported that when contrast was applied to the glyphs it impacted their performance. Of
those who reported an impact on their performance, nearly all (98%) said that it made the
task easier and made their responses either faster or more accurate. Many participants
reported that the contrast allowed them to find targets without having to search all the
glyphs and that the correct ones usually “stuck out.” Many reported switching to a
strategy primarily based on searching for contrast cues first and then checking values
afterward once they realized the connection. Of those participants who felt that the
contrast hindered their performance (n = 2), they reported a belief that the contrast was an
intentional false cue to trick them into incorrect answers. They tried to focus only on the
features while ignoring the contrast of the feature but found the task more difficult as a
result.
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When all the displayed glyphs had features that fell into the enhanced range (M =
3445, SD = 991), there was a significantly lower mean RT compared to when only half
the glyphs fell into the enhanced range (M = 3290, SD = 917). This is consistent with the
second hypothesis that the number of items in the enhanced condition serves to increase
the similarity of distractor stimuli to the target stimuli resulting in longer search times.
Despite the significant effect, the magnitude of the difference between the conditions was
small (D = 155, SD = 187). This may indicate that although the predicted phenomenon
does exist, the use of glyph components designed to take advantage of efficient search
features mitigated the magnitude of the impact.
Proportion Correct (PC).
Attributes that aided search improved speed with no negative effect on proportion
correct. Arch (M = 92.18%, SD = 5.18%) and Gauge (M = 90.91%, SD = 6.59%) had
significantly greater accuracy than the Needle feature (M = 87.34%, SD = 6.02%).
Similarly, participants were more accurate when half of the glyph features were depicted
in the enhanced range (M = 90.82%, SD = 4.71%) than when all of them were (M =
89.47%, SD = 5.85%). Lastly, the redundant mapping of contrast resulted in more
accurate responses (M = 92.59%, SD = 3.95%) than the control mapping condition (M =
87.69%, SD = 6.69%). The aspects of each factor that allowed one level to be more
efficient than the others likely lead to the greater accuracy as well.
Qualitative Ratings.
Average ratings of difficulty for the experiment and the glyph features were
collected from participants through the debrief questionnaire. These ratings reflected the
results from the mean RT and PC data. On a 7 point Likert scale from Very Easy (1) to
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Very Difficult (7), the overall experimental task received an average rating of 3.79 (SD =
1.44) and the Gauge feature received a similar average rating of 3.65 (SD = 1.55). These
ratings are close to 4, anchored with “Neither Easy Nor Difficult”. The Arch feature
received an average rating of 3.25 (SD = 1.45), which was close to the rating 3 that was
anchored with “Slightly Easy”. Lastly the Needle feature received an average rating of
4.75 (SD = 1.47), which was close to the rating 5 that was anchored with “Slightly
Difficult”. These ratings indicate that participants were abstractly aware of the relative
differences between the features that were quantified in the formal data collection and
analysis. Although the overall task was fairly easy and participants performed at
relatively high rates, their average ratings were still reflective of the general ranking of
the efficiency of each feature.
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CHAPTER SEVEN
EXPERIMENT TWO
The purpose of the second experiment was to determine whether dynamic
changes (animation/motion) in the represented values would have an impact on
performance. The proportion enhanced factor and features used in the first experiment
were retained. There is not much research on the impact of motion for this type of task.
The display changes could distract from the visual task or make shifts in the target more
salient. Based on the success of motion in basic research as target some hypotheses were
formed:
1. There will be a positive impact of dynamic display on search performance
compared to the static display.
Dynamic presentation of the display should result in shorter search times
compared to a static display. This is because both motion and target shape
can be pre-attentively scanned. If the contrast information and shape of the
moving glyph feature can be attended to at one time, there will not be a
slow down in processing for visual search of moving features. Motion is
also an effective mechanism for search so the combination of both may
actually speed up search.
2. The proportion of distractors in the enhanced range will impact performance,
when values are presented dynamically there will be better performance for
smaller proportions of enhanced distractors (half enhanced) than larger (all
enhanced).
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When the search display presents half the stimuli in the enhanced range,
search will be faster than when all displayed stimuli are in the enhanced
range. This is because the presence of more similar distractors will take
additional time to discriminate amongst.
3. The will be an interaction of display type by feature, where Arc will perform
better than the other two features during dynamic presentation.
Animation will provide a greater advantage to search for the Arc due to its
size. Since it is larger than the other two features, changes in the Arc will
be more prominent and provide an additional cue to detecting larger
differences in presented data.
Dynamics of the Display
There are many different ways to animate a feature that might impact visual
search. The specific parameters investigated in the study were chosen based on a number
of factors including the design of the experiment, and providing a good first attempt for
future research to build from.
Constraints imposed by the design of the experiment determined target
assignment and the range of possible values for each animation. The participants
searched for the highest or lowest (depending on the feature) value of the available set. In
the static condition whichever glyph is displayed as the target at the start of the trial,
remains the target for the whole trial. In an animation, this is not necessarily the case
since one glyphs value could overtake another. To provide experimental control the
starting and ending values of the glyphs were generated so that only one glyph was the
valid target throughout each trial. Similarly a glyph that started in the proportion
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enhanced range or the non-enhanced range would remain in that range. This was done in
order to preserve the manipulation of proportion enhanced (half or all) across the static
and animated trials.
It is known that relative speed differences (i.e. a faster moving stimulus among
slower moving ones) are more noticeable in visual search. Although an interesting area of
research, the intent of this experiment was not to systematically explore the impact of
different velocities of motion. So, the rate of change of target and stimuli were controlled
such that each glyph feature (arc, gauge, needle) moved the same distance during each
trial. In this manor, any impact of the dynamic condition would be the result of motion of
the non-targets alone.
Given these constraints the choice of maximum values of a target had to be below
the range of possible values that would be stepped through in an animation. This was so
that through the course of an animation they could move the required amount without
hitting the end of their enhanced range. Similarly, all enhanced range distractors at a
minimum had to start at the boundary of the enhanced range so that during the trial the
correct proportion (either half or all) of the distractors was in the right range. Lastly, all
distractors in the non-enhanced range had to start at least one animation trials range away
from the boundary of the enhanced range so that they did not change from a nonenhanced range distractor to an enhanced range distractor.
As identified in the glyph design chapter, contrast values are associated with
particular levels of the feature value. During the animation, as a feature value enters a
range of a darker contrast it will change to that contrast. So contrast will shift
dynamically as successive values in the enhancement range are reached. Within the
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constraints of the ranges defined, the exact starting value of each glyph was pseudo
randomized. This means that the contrast across different glyphs did not always change at
the same time since the time at which they reach different levels depended on their
starting value. The length of the range travelled was selected with respect to each features
number of levels so that each feature in the enhanced range would pass through at least
two contrast levels.
Features would change at a constant rate over a six second duration. It was
important to prevent the use of strategies where the participant could wait until the end of
the animation to search for the target. This would make comparison to the static condition
difficult. In order to account for this, a display cutoff time of six seconds was introduced
to the trial. After this time, the trial would end. This cutoff was verified against the
average completion time of the redundant trials for the slowest feature from the previous
experiment (M = 3.4 s, SD = 1.3 s). Additionally, the performance of the first five
participants was used as a check to ensure that the time limit wasn’t introducing a
decrease in performance and part of the debrief interviews for this experiment included a
question about the pace of the experiment.
Methods
As with the previous experiment, based on prior experience with similar research,
a sample size of 30 was considered to be sufficient to identify any significant effects.
Participants.
Thirty undergraduate psychology students from Wichita State University, aged 18
– 37 (M = 24.93, SD = 5.77) participated in the study. There were 15 males and 15
females. All participants gave informed consent and were remunerated with course credit
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for their participation. Each participant was given the Pelli-Robson contrast sensitivity
test prior to participating in the study. All participants scored above the impairment range.
Materials.
The same computers, displays, input devices and laboratory setup from
experiment one were used. The glyph features and Psychophysics functions from the first
experiment were used again but new presentation scripts were written to reflect the
changes in the experimental conditions, instructions and data collection for this
experiment. Display settings recorded from the calibration for the previous experiment
were used to ensure that the display settings had not changed and remained calibrated.
Procedure.
The procedure for the second experiment was very similar to the first. There were
the same three main phases to the experiment: 1) Orientation, 2) Search Task and 3)
Debrief. The total duration of each experiment session varied between 60 and 90 minutes
across all participants. The following sections summarize each phase; the summary of
search task also includes a description of the experimental design.
Orientation.
The orientation included review and signing of a consent form and participation in
the Pelli-Robson contrast sensitivity test. The same self paced tutorial from Experiment
One was used. After the tutorial was complete, the facilitator briefly reviewed the
information the participants should be aware of and gave them a chance to ask for
clarifications. If they expressed understanding, they were instructed to begin the main
experiment by pressing a key.
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Search Task.
The instructions provided to participants for the visual search task were mostly
the same as the first experiment. They were told which feature to look for and what level
of the feature to find (most or least) at the beginning of each block. Based on the side of
the screen they found the target they would press a corresponding response key (“z” for
left and “/” for right). The instructions encouraged participants to be both quick and
accurate with their responses. The display provided feedback after each response
depending on if they were correct or incorrect before proceeding to the next trial. The
same direct selection post trial check was performed for a subset of total trials. As with
the last experiment, all participants performed this post trial task at well above chance
levels.
Unlike the first experiment, the participants had a set amount of time to complete
each trial. As part of the instructions for each block they were instructed that they would
“have a limited time to make each decision”. At the end of six seconds the trial stimuli
were removed from the display and a message informed the participant that the trial was
ended. An average of 4.8 trials (SD = 8.56) per participant were missed in this fashion.
The experimental design was similar but had a few small changes from the first
experiment. It was still a repeated measures design with three possible target features (arc,
needle and gauge) and presented with a set of stimuli at two proportions of enhancement
(half or all). However, in this experiment all trials were presented with redundant
mapping, providing contrast cues. Instead, the third factor was the type of display
presented during the trials; animated, with the levels of the feature and contrast changing
or static with all values and contrasts remaining the same. There were still three blocks of
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trials and each block had ten practice trials, followed by re-iteration of the block
instructions before the two hundred experimental trials.
In the last experiment breaks were offered between each block. Based on a
feedback from the first experiment’s participants, additional breaks were built in so that
every fifty trials, the participant would be prompted to take a break. Three within a block
and one separating blocks. As with the previous experiment they were able to press a key
to return to the next set of trials. Since some breaks were prompted within a trial, the
instructions for the block were presented again before they continued.
While the data mapping conditions in the first experiment were split into two
sections, the display type was intermixed. This was done since depending on the rate of
change of variables on these displays, they can appear static or dynamic at any given
point, it did was not experimentally necessary to split the trial types into their own
sections like in experiment one. Over the three blocks, for each level of display type
(static and animated), proportion enhanced (half and all), and feature type (arc, gauge and
needle), there were 50 trials of each combination. The order in which participants were
exposed to each feature (arc, gauge, and needle) was still counterbalanced. This resulted
in six unique orders (see Appendix J) and five participants were run through each of them.
After the end of all the experimental blocks an exploratory set of 32 bonus trials
were presented for each feature. Every trial in the set was identical to the animated trials
experienced during the experiment except that the animation concluded within 2 seconds
rather than 6. The trial still allowed an additional 4 seconds after the animation for
participants to make a response. The purpose of these trials was to collect data for a trend
analysis to see if responses from the 2-second animation were generally slower or faster
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than those from the 6-second animation. The descriptive data from these trials can be
found in Appendix K.
On average participants completed the visual search section of the study in an
hour (M = 53 min, SD = 6 min). As with the first experiment, no explicit instruction was
provided about the use of contrast in the glyph. One participant asked the facilitator about
the nature of the contrast with respect to how they were performing the task. They were
instructed to use their best judgment in order to complete the task as per the instructions.
Debrief.
After completing the visual search task, participants filled out a questionnaire that
asked them about their experience with the search task (see Appendix L for a copy of the
questionnaire). The questionnaire included difficulty ratings for each feature as well as
one for the experiment as a whole. There were also short answer questions regarding their
interpretations of the use of contrast in the glyphs and any strategies they may have
developed to help them perform the task. The questionnaire was followed up by a short
interview from the facilitator regarding their qualitative experience in terms of the
duration of the study and the number of breaks. There were also probes to try and elicit
more details about any strategies they used and their understanding of the experiment
(see Appendix M for a guideline for the interview).
Analysis.
Preliminary exploration of the data identified that the mean RT data were
normally distributed. Since the standard methods and analyses are well suited for the
normal distribution and the supplementary alternate analysis of the last experiment was
not particularly informative, only the standard analyses were used to assess the data from
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the second experiment. Below are the individual steps taken to process the RT and PC
data.
Response Time.
Standard deviation cutoffs at the subject and condition levels were applied
(Lachaud & Renaud, 2011). There were 122 trials removed, accounting for 0.68% of the
data. See Appendix N for relevant summaries of normality, skew and kurtosis values.
After processing the RT data as described above, the correct mean RTs were
submitted to a 3 × 2 × 2 (Feature Type × Proportion Enhanced × Data Mapping)
repeated measures ANOVA. In cases where sphericity was violated, degrees of freedom
were corrected using Greenhouse-Geisser estimates of sphericity. Bonferroni-corrected
post-hoc tests were conducted for each significant main effect. An exploratory analysis
was conducted using a set of follow up paired t-tests to further examine significant
interactions.
Proportion Correct.
PC data were processed similar to RT data. Trials that were likely due to
anticipatory responses (< 200 ms) were treated as incorrect responses impacting a total of
2 trials (0.01%). The arcsine transformation was applied to the data but it was not
normalized. Additionally, the skew and kurtosis were beyond the tolerance for the
normality assumption (see Appendix O).
Alternative non-parametric tests, the Friedman χ2 and the Wilcoxon t test, were
chosen to independently analyze the main effects of the factors (Feature, Proportion
Correct and Mapping Type). This results in some loss of power, and forgoes investigation
of interactions but allows for more reliable analysis. The PC data were first collapsed into
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the levels of each of the three factors. Difference scores were calculated for both of the
two level factors that were to be tested by the Wilcoxon t test. Since lack of symmetry of
the distribution of difference scores could impact the efficacy of the test, this property
was investigated. The difference score distributions for both factors were both found to
be symmetrical (Display Type, zskewness = -0.30; Proportion Enhanced, zskewness = -0.09).
There were a number of ties in the difference scores which SPSS uses the average rank
for in it’s calculation of the test statistic. Additionally, there were two difference scores of
zero for the Display Type factor and one for the Proportion Enhanced factor, which
reduced the effective sample sizes for analysis to 28 and 29 respectively.
After processing the PC data across the Proportion Enhanced and Display Type
factors were submitted to a pair of Wilcoxon t tests. The Feature Type PC Data was
submitted to a Friedman χ2 test.

Results
Response Times (RT).
Planned Analysis.
Recall that the hypotheses were 1.) a positive impact of dynamic display,
improving search speed, and 2.) a negative impact of more distractors within the
enhanced range, slowing search speed. Additionally, 3.) an interaction where Arc would
have greater search speeds than other features when presented dynamically.
There was an interaction of Feature Type with Proportion Enhanced F(2, 58) =
5.40, p = .01, ηp2 = .16, as well as with Display Type F(2, 58) = 3.35, p = .04, ηp2 = .10.
These were explored in more detail through a set of exploratory analyses.
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There was a main effect of Feature Type F(2, 58) = 5.05, p = .02, ηp2 = .15. When
the Needle was the target feature, participants took longer to find targets than they did for
both the Arc (p = .04) and the Gauge (p = .01) features. There was a main effect of
Proportion Enhanced F(1, 29) = 35.80, p < .001, ηp2 = .55. Mean RTs were faster when
half of the stimuli were within the enhanced range, than when all of the stimuli were (p
< .001). There was a main effect of Display Type F(1, 29) = 96.82, p < .001, ηp2 = .77.
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Dynamic presentations resulted in slower mean RTs than static displays (p < .001).
3000!
2000!
1000!
0!
Arch!

Gauge!
Feature Type!

Needle!

3000!

Response Time (ms)!

Response Time (ms)!

Figure 33. Comparison of mean RT for each feature. Error bars represent standard error
of the mean.
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Figure 34. Comparison of mean RT for
each level of proportion enhanced. Error
bars represent standard error of the mean.
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Figure 35. Comparison of the mean RT
for the static and animated display
conditions. Error bars represent standard
error of the mean.
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Exploratory Analysis.
Each feature was compared across the two proportions of distractors used in the
experiment (half and all) and the two display types (static and dynamic) to see if
participant’s RTs for each target were significantly different across the levels of both
factors. Additionally, each feature was compared against one another to see if they were
significantly different from another within each of the levels of both factors. This
required nine paired sample t-tests across each interaction so alpha was reduced (α
= .006).
Paired tests indicated that none of the features were significantly different from
one another when half of the glyphs were in the enhanced range (Arc and Gauge p = .22
n.s.; Arc and Needle p = .01 n.s.; Gauge and Needle p = .02 n.s.). When all the features
were in the enhanced range, only the Needle feature was significantly different from the
Gauge feature (p < .001). So all the features were identified at relatively the same speed
when half of the distractors were in the enhanced range. While only Needle was slower
than Gauge when all the distractors were in the enhanced range. This corresponds with
the main effect observed for features (Arc = Gauge < Needle) but only when all
distractors are in the enhanced range. Both the Arc and Needle features were found
significantly slower when all the distractors were in the enhanced ranged compared to
when only half were (p < .001). The mean RTs for Gauge however did not indicate
significantly differing RTs for trials across the two proportions of distractors (p = .09).
Another set of paired tests indicated that similar to the interaction with the
Display Type factor, the mean RT to identify the Needle and the Gauge target features in
the static display condition were the only significantly different RTs (p = .001). All other
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features in both the static (Arc and Gauge p = 0.38; Arc and Needle p = 0.01) and
dynamic (Arc and Gauge p = 0.34; Arc and Needle p = .02; Gauge and Needle p = 0.01)
Display Type conditions were not significantly different from one another. This means in
the static condition, only Needle experienced significantly slower mean RT while in the
dynamic condition, there were no significant differences in mean RT across any of the
features. When comparing each features mean RT across the static and dynamic
conditions, all experienced significantly slower mean RTs in the dynamic condition than
the static (Arc p < .001; Gauge p < .001; Needle p = .001).
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Figure 36. Comparison of interaction
between mean RT data across the levels
of proportion enhanced (collapsed across
levels of display type).

Figure 37. Comparison of interaction
between mean RT data across the levels
of display type (collapsed across levels
of proportion enhanced).

Proportion Correct (PC):
There was a significant effect of Feature Type χ2(2) = 15.65, p < .001, ηp2 = .18.
Post hoc comparisons using the Nemenyi’s procedure indicated there was a significant
difference between the PC for the Gauge and Needle features. A Wilcoxon signed rank
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test also showed that there was no significant effect of Display Type on the PC data Z = 1.22, p = .22. Another Wilcoxon signed rank test showed that there was a significant
effect of Proportion Enhanced on the PC data Z = -3.29, p = .001, with better PC when

Proportion Correct (%)!

half of the target features were in the enhanced ranges than when all of them were.
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100%!
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Figure 38. Comparison of mean RT data across features. Error bars represent standard
error of the mean.
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Figure 39. Comparison of mean RT data
across each level of proportion enhanced.
Error bars represent standard error of the
mean.
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Figure 40. Comparison of mean RT data
across each level of display type. Error
bars represent standard error of the mean.

TABLE 4. SUMMARY OF PC DATA SPLIT BY FEATURE TYPE.
Mean
SD

Arch
88.33%
9.18%

Gauge
91.22%
7.08%
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Needle
85.83%
6.22%

TABLE 5. SUMMARY OF PC DATA
SPLIT BY PROPORTION ENHANCED.
Mean
SD

Half
89.20%
6.77%

TABLE 6. SUMMARY OF PC DATA
SPLITY BY DISPLAY TYPE

All
87.72%
6.75%

Mean
SD

Static
88.74%
6.52%

Animated
88.18%
7.02%

These results support the second hypothesis for this experiment, an increased
amount of targets within the enhanced range slowed search speed. However, the first
hypothesis was not supported, presentation of the glyph data dynamically resulted in
slower search speeds, not faster. Additionally, the third hypothesis regarding the Arc
feature was not supported due to the Arc and Gauge features performing similarly in both
Display Type conditions.

Discussion
Below follows a discussion of each main effect and interaction that was identified
for each analysis on mean RT, and PC. The section concludes with the connection of
qualitative ratings of difficulty to the results of the quantitative analyses.
Response Time (RT).
Interactions.
Interestingly, while participants were significantly faster finding the Arc and
Needle target features across the two proportions (half and all) of glyphs presented in the
enhancement range, they did not differ for the Gauge. Additionally, only the Needle
differed significantly from the other features across levels of Proportion Enhanced, and
even then only when all glyphs were in the enhanced range. In the last experiment a
similar pattern was present in the data for the Needle feature, however in that case there
were clear performance differences of the features within each level of Proportion
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Enhanced. In this experiment it is less clear why different proportions of similar
distractors did not affect the Gauge feature.
Animation did not help with any of the features not even Arc, the largest of the
three. The Needle condition seemed to be impacted less than the other two features, as its
average RT was not significantly different from that of Arc or Gauge in the animated
condition but was significantly slower than Gauge in the static condition. As identified in
the first experiment and confirmed here, the Needle feature was slower to find on average
than the other features. So this interaction may be a reflection of participants needing to
repeat their search of the display to find the Needle feature. However if this is the case,
that would indicate that animation does not exacerbate longer search speeds for an
inefficient feature any more than it impacts more effective features like Arc and Gauge.
Main Effects.
The results indicate that participants found Arc (M = 2010, SD = 790) and Gauge
(M = 2145, SD = 540) feature targets faster than they found Needle feature targets (M =
2412, SD = 511). This corroborates the results of Experiment One, where a Feature by
Data Mapping interaction revealed that the difference between the performance of Arch
and Gauge with respect to mean RT was due to the control condition and not the
redundant mapping condition. This experiment only made use of redundant mapping, so
this confirms that redundant mapping of contrast as a non-linear feature aids in the search
time for these features. Contrast reduced search times so that they are brought to the same
level of search speed. Again, as seen in the interactions the Needle feature did not benefit
from the redundant mapping to the same degree.
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Participants in this experiment were slower to find targets when all of the
displayed glyphs were in the enhanced range (M = 2250, SD = 495) compared to when
only half of the glyphs were (M = 2128, SD = 464). This is also consistent with the first
experiment. Whether animated or not, the presence of more similar non-target glyph
features increases the time to search and find the target feature.
Participants were slower overall in the dynamic condition (M = 2254, SD = 475)
compared to the static condition (M = 2125, SD = 480). Some aspect of the dynamic
condition is causing participants to be slower at identifying targets. Qualitative responses
from participants indicated that many felt like the changes in the contrast levels of the
stimuli caused them to second guess their initial selections and recheck to verify they had
actually found the target. However, based on their responses this seemed to be situational,
as on other occasions a change in contrast level would help them to perform faster.
Motion is a salient cue for guiding attention, but excessive motion can have negative
impacts.
Neither the first nor third hypotheses were evidenced in the results of the
experiment. Two considerations are worth noting from the practical standpoint. First, the
scenario tested in this experiment may be fairly rare for some automated systems since
parameters (e.g. fuel levels) would not constantly shift by these large ranges in short
periods of time. The test conditions were meant to exaggerate these conditions to see how
dynamics would impact the redundant mapping method being considered. However some
variables that could be displayed may have rapid shifts. So, if the efficacy of this
application depends on the underlying rates of the variable, the particular applications it
could be used for depend on the rate of possible change in the variables that need to be
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enhanced. Second, the difference between the static and dynamic conditions (D = 129,
SD = 72) is on par with the difference between the two levels of proportion of
enhancement (D = 121, SD = 111). They are fairly small impacts, even at fairly large
levels of impact in terms of the conditions being displayed.
Proportion Correct (PC).
Results show that participants reduced search times while also improving
accuracy. Gauge targets (M = 91.22%, SD = 7.08%) were identified more accurately than
Needle targets (M = 87.34%, SD = 6.02%). Both the mean RT and PC data did not show
a difference between Arch and Gauge targets. Participants were more accurate when half
of the glyph features were depicted in the enhanced range (M = 89.20%, SD = 6.77%)
than when all of them were (M = 87.72%, SD = 6.75%). Although mean RT was shorter
on animated trials, there were no significant differences in accuracy between the static (M
= 88.74%, SD = 6.52%) and animated trials (M = 88.18%, SD = 7.02%).
Qualitative Ratings.
Average ratings of difficulty for the experiment and each feature were collected
through the debrief questionnaire. These ratings reflected the results from the mean RT
and PC data. On a 7 point Likert scale from Very Easy (1) to Very Difficult (7), the
overall experimental task received an average rating of 3.93 (SD = 1.31). This is close to
a rating of 4, which is anchored with “Neither Easy Nor Difficult”. The Gauge feature
received an average rating of 3.43 (SD = 1.30), and the Arch feature received an average
rating of 3.33 (SD = 1.77), which was close to the rating 3 that was anchored with
“Slightly Easy”. Lastly the Needle feature received an average rating of 4.90 (SD = 1.45),
which was close to the rating 5 that was anchored with “Slightly Difficult”.
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CHAPTER EIGHT
GENERAL DISCUSSION
Summary of the Research
The increasing use of automated systems is driving the concomitant need for the
design of supervisory control systems where an operator is responsible for monitoring
multiple autonomous entities (i.e., drones, vehicles etc). Monitoring of this nature will
require awareness of a large set of continuous data. Quick and effective decisions are
necessary and as the number of systems being supervised increases so does the potential
for overload. Summary displays provide top-level views of important information but in
order to be effective, they need to be optimized to present information in a way that
leverages the strengths of human perception. Glyphs are one method of data visualization
that focuses on representing a set of data variables through a visual component as part of
one compact graphic.
Effective mechanisms for notifying a user of an important event or critical threat
already exist. However, the more of these that occur simultaneously the less effective
they can be. Methods for allowing quick determinations of data relationships on summary
displays could help observers proactively avert developing situations before they become
critical. This investigation sought to implement a non-linear redundant feature to enhance
part of the range of a glyph component to improve performance for detection of glyph
data that fall in that range.
Existing glyphs, like MILSTD 2525 already integrate different design elements
into their components, like redundant coding. Controlled stimuli were created to
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minimize the impact of those variations and focus on the impact of the effect being
studied. Each experimentally-manipulated glyph component was fashioned so it made
use of a visual feature and allowed application of another as redundant information. The
base features were selected from known search efficient properties in the literature:
length, relative position and orientation. These were then used to create three different
glyph feature components (Arc, Gauge and Needle) based on a specific simulated context.
Contrast was identified as a good candidate for redundant mapping since it is both search
efficient and supports representation of ordinal information. A pilot study produced
differentiable contrast levels that were used for redundant mapping with the three features.
Summary of Findings
Two experiments were conducted, the first evaluated the effectiveness of the
enhancement technique and the second tested the impact of dynamic glyph presentation.
Overall, the visual search task used for evaluation was completed with a high degree of
accuracy and with relatively fast RTs for complex stimuli. The results indicated that
contrast successfully increased the speed of target detection in an enhanced portion of the
variable’s data range but is moderated by a number of factors. The properties of the base
feature used, the number of glyphs that simultaneously fall into the enhanced range, and
the dynamic change of non-target distractors all impacted the technique’s effectiveness.
Although the success of the technique used to enhance the glyphs suggests it is
effective across all the tested features, the individual differences in their levels of
effectiveness provides useful information to help inform the direction of future research
applications. The Arc and Gauge features were reliably faster to identify and were found
more accurately than the Needle feature. The Arc was presented using a larger overall
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size and had a greater range of movement, which made it easier to see. The Gauge feature
had the smallest range of movement but made effective use of empty space to provide a
larger overall cue. The properties that separate the Needle feature from the others were
it’s relatively small size and its integral (as opposed to separable) mapping of contrast, so
one of these may have contributed to its lower effectiveness. As identified in the review
of the literature, the use of integral mapping tends to have positive impacts on
performance. However, in this case, although the base features and contrast represent the
same information there is a difference in whether they are mapped linearly or nonlinearly. This mismatch could potentially result in a negative impact to performance that
is not normally seen since both features are usually linearly mapped. This is a research
question that has not been investigated in the literature and the results indicate that it may
be an important relationship to explore. This being said, the presentation size of visual
information is known to have negative impacts if they are too small to allow viewers to
distinguish differences. The simpler explanation is that the smaller size of the Needle was
what caused its lower performance, however additional research is necessary to more
precisely identify the cause.
There was a significant, but relatively small, impact of distractor proportions and
animation. Even when all the displayed targets were within the emphasized range of the
data variable, performance only declined marginally compared to the advantage gained
by the redundant presentation. Similarly, when the display was animated, there was a
significant but small impact on average search speed. Further research is needed to
determine the extent to which this poses a problem. Animation of feature sets is required
due to the continuous nature of system summary displays. Fortunately most display
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variables would not animate at the rate seen during the second experiment. The speed
was exaggerated so that an experimentally valid animation condition could be established.
Application of Technique
There are some specific contexts in which this technique, using a non-linearly
mapped redundant feature, would be best suited. For instance, systems with data
variables in which threats are directional, where one end of the variable is a threshold for
critical alerting. By applying a redundant variable to the range preceding that threshold,
mapped non-linearly, the search speed for determining relative threat levels can be sped
up and overall performance can be improved.
The amount of area that is emphasized using this method should be based on
analysis of normal values and trends for the system. The spacing of levels of the contrast
mapping should take into account the severity of the consequences represented by the
value range. The individual levels of contrast used in this experiment were determined for
the specific stimuli studied. They would likely be successful for use with larger
presentations, but effectiveness will likely vary widely for similarly sized, differently
shaped or smaller features. The design process should take into account testing to identify
the levels of contrast, if any that will work for the specific application.
The number of glyphs presented on a summary display will depend on the number
of systems being monitored, space available on the user interface (UI) for the display and
design preferences. For slow moving variables (e.g. fuel, temperature, distance travelled
etc.), this technique will work well. For more dynamic variables (e.g. velocity, direction
of travel etc.), this technique may not be as effective.
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Human Factors and Guidelines for Glyph Design
There are some examples of direct guidance for the creation of glyphs in the data
visualization and computer graphics literature (Borgo et al., 2013; Chung et al., 2016;
Maguire et al., 2012). These are primarily derived from research in the visual perception
and psychology literature and use examples of glyph application from many broad
contexts to illustrate guidelines. For example the use of efficient search properties is a
practical and meaningful guideline. Most glyph designs, either intentionally or otherwise,
make use of this guidance. However, this broad advice can be difficult to implement in
practical settings without more specificity. As evidenced from this research, simple
application of efficient features does not result in equivalent performance. Further
development and refinement of glyph design guidelines from a combination of basic
science and real world testing is necessary. This is a gap in the literature that the field of
human factors is ideally suited to bridge.
Based on the success of the design of features in this study, the application of a
bounding area or frame around the base perceptual feature seems to be an effective way
to support the application of contrast. The size of this bounding area should be designed
in a way that allows for effective transmission of the hue information. This may not be
necessary for the entirety of the border but at least for some sizeable portion. The side
edges of the gauge for example did not meet the minimum recommended sizing for
presenting hue information but the top and bottom caps of the gauge did. There is still
more research necessary to fully develop this into a complete guideline. Another
suggestion from the results is that effective use of proportional cues could provide similar
advantages to size differences when using non-linear redundant mapping. If a feature
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cannot be made larger due to size restrictions, consider if it is at least large enough to
emphasize its relative proportions.
Further research of this nature, discovering the relationship of basic properties and
testing the application of different design techniques human factors research can help
solidify and disambiguate guidance for the design of glyph displays. This is still a
challenging area of research due to the varying nature of the properties used by glyphs
and the variety of contexts they are used in. So collaboration between the different fields
that contribute to the research will also be important.
Limitations
There are a number of subtle design properties of glyphs that can affect their
efficiency. The number of possible feature combinations, mapping styles, presentation
sizes and degrees of information density in a given glyph design can vary the efficiency
with which it can be used. Practical research in the area that attempts to decompose the
manner in which these factors interact through the lens of vision and attention faces some
challenges. Any feature-level findings that are obtained could easily be incompatible with
a different level of any of the dozen variables involved. This is an inherent limitation in
the area. The tested technique seems to have a strong enough impact to overcome some
moderating factors. However there may be other more efficient choices than contrast for
the redundant feature (e.g. texture or luminance) or more compatible base features than
length, position and orientation. Additionally, as seen with the Needle feature, even sizes
that are established to be within a set of acceptable parameters can be incompatible with a
combination of other variables.
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Future Research
This research explored whether non-linear mapping of contrast could enhance
performance at a specific range of a variable. The technique was verified in a controlled
visual search task paradigm. This research can be followed up through two approaches:
systematic perceptual task investigations and applied simulation studies.
With respect to perceptual research, understanding the search efficiency slope
across target-distractor differences in contrast would provide better guidelines for
implementing the technique. Determining ways to predict this relationship based on the
relative size or surface area of an object and then determine the possible range of values
that could be made into an enhanced range on the variable would be ideal.
With respect to practical applications, testing the application of technique in
several other scenarios would be beneficial for providing face validity to the technique. A
continuous monitoring task with a measure of situational awareness would inform how
well this technique improves tracking of values in the emphasized range compared to a
control variable without enhancement. The glyphs can be connected to simulated data
and participants can be asked to make intermittent decisions about the best system
(represented by the glyph) to assign to a specific task. By controlling correct responses so
they are made along the variable to which contrast is mapped, this can replicate the
results identified in this research in a more contextually valid simulation. Additionally,
mental workload can be modified through the addition of secondary tasks to see how this
technique helps in more realistic scenarios.
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Conclusions
Application of contrast as a non-linear redundant feature was demonstrated as a
viable technique for emphasizing the values of a glyph variable within a selected range.
This has implications for the design of system status displays that are becoming more
important with the advent of large numbers of automated systems and the necessity for
individuals to track the state of several of these systems. The technique was tested in a
basic visual perception study and requires additional vetting before it can be applied as a
more general guideline. However, the magnitude of its impact, the intuitiveness of its use
with novice participants and the range of features it can be applied to are promising for a
number of different applications.
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APPENDIX A
BLOCK ORDER FOR EXP. 1
Block Order

Block 1A

Block 1B

Block 2A

Block 2B

Block 3A

Block 3B

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Arch Present
Arch Present
Needle Present
Needle Present
Gauge Present
Gauge Present
Arch NotPresent
Arch NotPresent
Needle NotPresent
Needle NotPresent
Gauge NotPresent
Gauge NotPresent
Arch Present
Arch Present
Arch Present
Arch NotPresent
Arch NotPresent
Arch NotPresent
Arch Present
Arch Present
Arch Present
Arch NotPresent
Arch NotPresent
Arch NotPresent
Needle Present
Needle Present
Needle Present
Needle NotPresent
Needle NotPresent
Needle NotPresent
Needle Present
Needle Present
Needle Present
Needle NotPresent
Needle NotPresent
Needle NotPresent
Gauge Present
Gauge Present
Gauge Present
Gauge NotPresent
Gauge NotPresent
Gauge NotPresent
Gauge Present
Gauge Present
Gauge Present
Gauge NotPresent
Gauge NotPresent
Gauge NotPresent

Arch NotPresent
Arch NotPresent
Needle NotPresent
Needle NotPresent
Gauge NotPresent
Gauge NotPresent
Arch Present
Arch Present
Needle Present
Needle Present
Gauge Present
Gauge Present
Arch NotPresent
Arch NotPresent
Arch NotPresent
Arch Present
Arch Present
Arch Present
Arch NotPresent
Arch NotPresent
Arch NotPresent
Arch Present
Arch Present
Arch Present
Needle NotPresent
Needle NotPresent
Needle NotPresent
Needle Present
Needle Present
Needle Present
Needle NotPresent
Needle NotPresent
Needle NotPresent
Needle Present
Needle Present
Needle Present
Gauge NotPresent
Gauge NotPresent
Gauge NotPresent
Gauge Present
Gauge Present
Gauge Present
Gauge NotPresent
Gauge NotPresent
Gauge NotPresent
Gauge Present
Gauge Present
Gauge Present

Needle Present
Gauge Present
Arch Present
Gauge Present
Arch Present
Needle Present
Needle NotPresent
Gauge NotPresent
Arch NotPresent
Gauge NotPresent
Arch NotPresent
Needle NotPresent
Needle NotPresent
Needle Present
Needle NotPresent
Needle Present
Needle NotPresent
Needle Present
Gauge NotPresent
Gauge Present
Gauge NotPresent
Gauge Present
Gauge NotPresent
Gauge Present
Arch NotPresent
Arch Present
Arch NotPresent
Arch Present
Arch NotPresent
Arch Present
Gauge NotPresent
Gauge Present
Gauge NotPresent
Gauge Present
Gauge NotPresent
Gauge Present
Arch NotPresent
Arch Present
Arch NotPresent
Arch Present
Arch NotPresent
Arch Present
Needle NotPresent
Needle Present
Needle NotPresent
Needle Present
Needle NotPresent
Needle Present

Needle NotPresent
Gauge NotPresent
Arch NotPresent
Gauge NotPresent
Arch NotPresent
Needle NotPresent
Needle Present
Gauge Present
Arch Present
Gauge Present
Arch Present
Needle Present
Needle Present
Needle NotPresent
Needle Present
Needle NotPresent
Needle Present
Needle NotPresent
Gauge Present
Gauge NotPresent
Gauge Present
Gauge NotPresent
Gauge Present
Gauge NotPresent
Arch Present
Arch NotPresent
Arch Present
Arch NotPresent
Arch Present
Arch NotPresent
Gauge Present
Gauge NotPresent
Gauge Present
Gauge NotPresent
Gauge Present
Gauge NotPresent
Arch Present
Arch NotPresent
Arch Present
Arch NotPresent
Arch Present
Arch NotPresent
Needle Present
Needle NotPresent
Needle Present
Needle NotPresent
Needle Present
Needle NotPresent

Gauge Present
Needle Present
Gauge Present
Arch Present
Needle Present
Arch Present
Gauge NotPresent
Needle NotPresent
Gauge NotPresent
Arch NotPresent
Needle NotPresent
Arch NotPresent
Gauge Present
Gauge NotPresent
Gauge NotPresent
Gauge Present
Gauge Present
Gauge NotPresent
Needle Present
Needle NotPresent
Needle NotPresent
Needle Present
Needle Present
Needle NotPresent
Gauge Present
Gauge NotPresent
Gauge NotPresent
Gauge Present
Gauge Present
Gauge NotPresent
Arch Present
Arch NotPresent
Arch NotPresent
Arch Present
Arch Present
Arch NotPresent
Needle Present
Needle NotPresent
Needle NotPresent
Needle Present
Needle Present
Needle NotPresent
Arch Present
Arch NotPresent
Arch NotPresent
Arch Present
Arch Present
Arch NotPresent

Gauge NotPresent
Needle NotPresent
Gauge NotPresent
Arch NotPresent
Needle NotPresent
Arch NotPresent
Gauge Present
Needle Present
Gauge Present
Arch Present
Needle Present
Arch Present
Gauge NotPresent
Gauge Present
Gauge Present
Gauge NotPresent
Gauge NotPresent
Gauge Present
Needle NotPresent
Needle Present
Needle Present
Needle NotPresent
Needle NotPresent
Needle Present
Gauge NotPresent
Gauge Present
Gauge Present
Gauge NotPresent
Gauge NotPresent
Gauge Present
Arch NotPresent
Arch Present
Arch Present
Arch NotPresent
Arch NotPresent
Arch Present
Needle NotPresent
Needle Present
Needle Present
Needle NotPresent
Needle NotPresent
Needle Present
Arch NotPresent
Arch Present
Arch Present
Arch NotPresent
Arch NotPresent
Arch Present

Note: Columns are labeled A and B but experimental presentation was for one continuous
block, presentation was not split.
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POST EXPERIMENT QUESTIONNAIRE (EXP. 1)
Debrief Questionnaire
Participant #: ________

Date:________________
Initials: ________

Computer #: ________

1. Rate the overall difficulty of the experiment (Circle one of the options):

2. How would you rate the difficulty of finding probes with the LEAST HULL?
Using the ARCH feature. (Circle one of the options)

3. How would you rate the difficulty of finding probes with the LEAST FUEL?
Using the GAUGE feature. (Circle one of the options)
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4. How would you rate the difficulty of finding probes that were the MOST
OVERHEATED? Using the NEEDLE feature. (Circle one of the options)

5. What strategies did you use to find the right glyph during the experiment?
Describe your strategies:

6. Did you notice that the experiment sometimes presented the three components as
different shades of gray? (Circle one of the options)
Yes / No
7. Provide a brief description of why you think this was done:

8. Do you think that the use of the different gray levels affected your performance
on the experiment? If yes, in what way?
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POST EXPERIMENT INTERVIEW (EXP. 1)
1. Did you develop any strategies to find the correct target during the experiment? Did
you notice the difference in gray level/contrast? Did your strategy differ based on
whether there were differences in gray level/contrast?
2. What did you think about the duration of the experiment?
3. Did you think there were enough breaks or would you have wanted more or fewer?
4. You will recall that there was a specific feature you were looking for in each section
of the experiment, the arc, the gauge or the needle. Did you ever have any issues
remembering which feature you were looking for? If yes, when was this/which one?
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REVIEW OF STANDARD RT DATA PROCESSING AND APPLICTION TO DATA
REVIEW OF STANDARD TECHNIQUES
RT data tend to have a positive skew resembling an ex-Gaussian distribution. One cause
of this skew is behaviors that arise due to the repetitive and monotonous nature of visual
search tasks. Participants may press a response key in anticipation before actually finding
the target or become inattentive and introduce delays in their responses. These behaviors
are not relevant to the process being studied but can impact the results of hypothesis tests
due to the capacity of outliers to impact the calculation of means. Slow response times
caused by lapses in attention are common in this kind of research and standard techniques
are available to account for them (Whelan, 2008). Generally, these include trimming
outlier data, applying a transformation and/or using a different representation of central
tendency. Additionally, analysis of RT data is expected to represent a sample of the
population of RTs from that condition. This means they are assumed to be identically and
independently distributed (IDD). In practice, there are factors such as fatigue and learning
effects that could impact this assumption. The impact of these factors however, is
commonly assumed to be minimal (Palmer et al., 2011; van Zandt, 2000; Whelan, 2008).
Data Trimming (Cutoffs)
Using cutoffs involves removing RT data that are below a certain threshold on the left tail
of the distribution and/or above a certain threshold on the right tail. When it comes to
very quick RTs, it is fairly well accepted that anything slower than 100 ms to 200 ms is
not valid data. There is a physiological limit to how quickly an individual can process
visual information and make a motor response. The removal of outlier data from the other
end of the scale however is a contested topic. For research topics that have a large body
of work to draw from, or large data sets to compare across, a specific absolute cutoff
value can be selected (Palmer et al., 2011). For those that are exploring fairly novel
stimuli and contexts it is difficult to select an appropriate absolute cutoff. Many
researchers use the heuristic of removing long RTs beyond a number of standard
deviations from the mean. Simulation studies have shown that the impact of this kind of
outlier removal depends on the proportion of outliers and what part of the distribution,
fast end or slow end, the experimental effects had their impact on (Ratcliff, 1993). For
example, removing data from the tail when most of the difference between conditions
occurs there can have adverse impacts on the power of the analysis (Whelan, 2008). It is
difficult to ascertain precisely where outlier data start to co-occur with representative RT
in the distribution so if standard deviation cutoffs are used these impacts should be kept
in mind.
Data Transformation
Many different transformations can be applied to data sets. In addition to attenuating the
impact of outliers data transformations can normalize non-normal distributions. This is
important to consider since one of the underlying assumptions of many parametric tests,
including analysis of variance (ANOVA) is normality. Severe deviations from normality
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can even impact the effectiveness of non-parametric tests which do not generally have
this assumption (Osborne, 2002). The most common transformations applied to RT data
are the log, inverse and square root. In log transformation, a base number is raised to a
power (exponent) to produce a transformed number. There are many different bases that
can be considered with 10, 2 and the natural log (e) being the most common for RTs.
Inverse transformation involves taking the inverse of a number, computing one over the
number to be transformed. This transformation reverses the order of scores and tends to
make smaller numbers larger while making larger numbers smaller. Comparing these two
transformations, Ratcliff (1993) identified that the log transformation normalized
distributions more than the inverse while the inverse tended to have greater impacts on
the relationship of data in the tails. This is intuitive as there are fewer but smaller RTs in
the left tail while there are more but larger RTs in the right tail. For the square root
transformation, the square root value of each score is taken.
Alternative Data Measure
Lastly, alternative measures of central tendency can be used. The median is often
considered for RT data as it is more robust and is not as impacted by outliers as the mean.
This is due to the skewed nature of these distributions. Despite proving to be more stable
when there is a high amount of variance between participants, use of the median tended
to result in lower power compared to cutoffs and transformations in Ratcliff’s (1993)
simulations. In addition, Miller (1988) noted that the median could be a biased
representation of the population when there is not an even number of trials. This bias has
the potential to lead to artificial differences between conditions or even conceal true
differences (J. Miller, 1988).
APPLICATION OF STANDARD TECHNIQUES TO THE DATA (EXP. 1)
As is commonly accepted, the data were assumed to be IDD. To mitigate any potential
impact of violation of this assumption, presentation order was counterbalanced and
breaks were encouraged during the experiments. Despite this, there is no well-defined
method to determine whether the assumption was violated (Palmer et al., 2011).
Short RTs of < 200 ms were trimmed from the data. Out of the 28,800 trials presented
across all the participants this accounted for a total of 37 trials (0.13%). Note that only 7
of these 37 were correct responses (0.02%). Due to fairly few studies examining visual
search with multivariate glyphs, no large body of references was available to select an
absolute cutoff for the long RTs. The use of standard deviation cutoffs above and below
the mean was investigated. Visual examination indicated that the distribution of some
conditions varied. Application of cutoffs by the grand mean can unevenly impact
differing distributions, leaving some with outlying data while truncating data from others
(Lachaud & Renaud, 2011). Use of the grand mean to calculate cutoffs of 3 SDs in the
data would eliminate 323 trials (1.12%) above the average RT for correct responses and 0
trials below the average RT. The cutoff values were spread variably across the different
107

APPENDIX D (continued)
REVIEW OF STANDARD RT DATA PROCESSING AND APPLICTION TO DATA
conditions (M = 26.92, SD = 28.12). Additionally, there was large variability in how
much of the data came from each participant (M = 6.73, SD = 11.11) with the majority of
values coming from a minority of the participants (7 participants accounted for 62% of
values > 3SD). The block order assignments for these participants were reviewed but no
obvious pattern was present. This kind of blind trimming does not take into account the
composition of the underlying distributions. A more precise method of applying standard
deviation cutoffs is at the subject and condition levels (Lachaud & Renaud, 2011). This
resulted in a similar number of eliminations; 3 trials below the average means and 350
trials above the average means, accounting for 1.23% of the data. In contrast to using the
grand mean, the spread of these values is much less varied across the conditions (M =
29.17, SD = 5.75). Similarly, the spread across participants was reduced as well (M =
7.29, SD = 2.87) compared to cutoffs with the grand mean.
The normality of the RT data was examined via the Shapiro-Wilk (S-W) test of normality.
The RT data with and without the 3 SD trimming showed significant non-normality. See
Appendix F for a summary of the normality tests. For each condition that was significant
on the S-W, their respective skew and kurtosis values were examined as well as the
relevant Q-Q plots. These demonstrated that although conditions with the Arc feature
were fairly normal, a number of the Gauge and Needle conditions were not.
Transformations are one established method to alleviate the non-normality of an RT
distribution. Each of the three standard transformations (log, inverse, and square root)
described in the section above were applied to the data and each was examined to
determine their impacts on the normality of the RT data for each condition. The log
transformation had the most success in normalizing each of the distributions. A
comparison of the three transformations using the S-W test can be seen in Appendix F. A
supporting point from the literature for use of the log is that it tends to normalize exGaussian distributions without having as large an impact on the tails as other
transformations like the inverse (Ratcliff, 1993). After transformation, there were still
some violations of normality. Parametric tests, including ANOVA, are robust to some
levels of non-normality. As long as there isn’t a high degree of skew and kurtosis where
the population is leptokurtic (β2 > 3), and the sample sizes used aren’t too low (n < 25),
ANOVAs are fairly robust to non normal distributions (Glass, Peckham, & Sanders,
1972; Schmider, Ziegler, Danay, Beyer, & Bühner, 2010). This experiment had a sample
size of 48 and the levels of skew and kurtosis were within acceptable ranges for all but
one of the conditions (Needle-All-Redundancy). Acceptable range was defined by being
within twice their standard error and having a calculated z statistic ~ within +/-1.96.
Inspection of the Q-Q plot and histogram for this condition found it to be acceptable with
only one moderate outlier. The relevant histogram and plot can be seen in Appendix F. A
sensitivity analysis was performed whereby the single outlier participant was removed
list-wise from the data and the same analysis was performed. No differences in
significances occurred.
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The use of median values in place of means was considered as an alternative measure for
the study, however due to median’s bias when there are an uneven number of trials it was
not used (J. Miller, 1988). Since only correct RT data from the experiment are being
analyzed and performance across participants varied, the same number of trials would not
be used to calculate the median. Some research designs attempt to accommodate for this
by having participants repeat failed trials until they reach a target number of correct trials.
However, since performance on the feature is a measure of interest, and there was a
desire to minimize the total duration of the experiment this was not implemented. The
mean was kept as the measure of interest for central tendency.
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REVIEW OF RT DISTRIBUTION TECHNIQUE
Not all data in the tail of the RT distribution is necessarily due to outliers in the data.
Although outliers do contribute to the positive skew of RT distributions, there can also be
longer RTs that occur from intentional and attentive responses by the participants. Some
alternative methods of considering RT data attempt to examine the whole distribution
rather than a single measure of central tendency like the mean RT. These methods
generally work by applying the shape of a predetermined distribution to a set of RT data.
The fitting procedure uses the sample RT data and the expected shape of the chosen
distribution to identify a set of parameters that describe the distribution (Cousineau,
Brown, & Heathcote, 2004). These parameters are then analyzed instead of the mean RT
to determine how experimental factors impact each part of the distribution. This can have
interesting impacts on the interpretation of RT data. For example, in most of these
methods the impacts of the central mass of RTs are defined separately from those of the
tail RTs. For example the ex-Gaussian is the convolution of a Gaussian and exponential
distribution and is generally described through three parameters: mu (µ), sigma (σ), and
tau (τ). Figure 41 provides an illustration of the two original distributions and their
convolution including their parameters. The µ and σ represent the mean and the standard
deviation of the Gaussian side of the distribution (left peak). The τ represents both the
mean and standard deviation of the exponential side (right tail). Together, these
parameters are meant to provide more information about the underlying RT distribution
than just the measure of central tendency. Application of RT distribution analysis with
ADHD patients has shown that the degree of positive skew of RT data is diagnostic of
ADHD as well as indicative of performance by age (Leth-Steensen, Elbaz, & Douglas,
2000; van Belle et al., 2015).
Gaussian

Exponential

ex-Gaussian

Figure 41. An illustration of the convolution that the Gaussian and Exponential
distributions form an ex-Gaussian distribution.
Simulation studies using these methods have shown that their effectiveness tends to
depend on a number of factors. The presence of an underlying cognitive model can help
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provide more reliable results, assuming the model is accurate. Otherwise, larger samples
in excess of N = 100 are usually necessary to obtain reliable, interpretable estimates. For
descriptive purposes, some research does use this method in addition to standard analysis.
There are a wide variety of distributions that can be used to fit RT data. The most
commonly used in psychological research include the Wald, shifted Wald, ex-Gaussian,
Weibel, Lognormal, Gamma and Gumbel (Anders, Alario, & van Maanen, 2016; Brewer,
2011; Cousineau et al., 2004). Based on the particular distribution chosen to apply to the
RT data, there are different fitting procedures that can be used to estimate the
distribution’s parameters. Some of the more common of these include: Bayesian,
Maximum Likelihood, and Least Squares. There have been a number of simulation
studies analyzing the effectiveness of each of these across different variables.
Anders et al. (2016) makes a distinction between two goals that researchers have with
applications of RT distribution analysis; process versus measurement. Some researchers
are interested in using the distribution analysis to develop a robust, flexible model of
underlying cognitive mechanisms and make predictive inferences about their function.
For example, Bayesian and hierarchical frameworks show a strong advantage for building
computational models of cognition (Shiffrin, Lee, Kim, & Wagenmakers, 2008). They
require input of priors based on understood or theorized mechanisms and allow for
predictive frameworks to be created, tested and compared to other existing models. Other
researchers are more interested in this kind of analysis to provide direct quantification
and description of RT data without theoretical implications. The research in this study
focuses on the latter objective. Application of the RT distribution analysis decomposes
the distribution into multiple parameters that describe different aspects of the distribution.
Ideally this allows a more complete picture to be formed of the data being analyzed and
better inform the interpretation of the results.
The ex-Gaussian Distribution
The ex-Gaussian distribution is one of the more commonly applied distributions for this
purpose and has been shown to provide a good fit across a broad set of research contexts
(Brewer, 2011). It is the convolution of a Gaussian and exponential distribution and is
generally described through three parameters: mu (µ), sigma (σ), and tau (τ). The µ and σ
respectively represent the mean and the standard deviation of the Gaussian side of the
distribution (left peak). The τ represents both the mean and standard deviation of the
exponential side (right tail). Together, these parameters provide more information about
the underlying RT distribution than just the measure of central tendency as is usually
evaluated in classical analysis.
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APPLYING THE RT DISTRIBUTION METHOD TO THE DATA
Generally this type of analysis is conducted with much larger sample sizes (N = 100 or
more) so the results should not be taken at face value.
The ex-Gaussian distributional parameters (µ, σ, τ) were obtained by fitting the exGaussian distribution to the raw RT data (excluding cases < 200 ms) from each
participant across each condition. This was done with maximum likelihood estimation,
using the Simplex routine (Nelder & Meadf, 1964) implemented in Matlab by Zandbelt
(2014). Depending on the accuracy of each participant, the number of empirical
observations used for each ex-Gaussian fit ranged from 28 to 50 observations. After
obtaining each fit and set of parameters, each ex-Gaussian probability density function
(PDF) was tested for goodness of fit using χ2.
Bins for the χ2 analysis were initially set to every 5th percentile from .1 to .9 of the
empirical data. Observed and expected frequencies were compared and bins were
collapsed as needed until expected frequencies were at least equal to five per bin (Hays,
1994; Palmer et al., 2011; Schwarz, 2001). Degrees of freedom (df) are equal to the
number of categories minus one minus the number of parameters estimated for the
distribution. Since the ex-Gaussian was used, the number of parameters in all cases was
three (µ, σ, τ). Due to a lack of sufficient data in two cases, the number of bins was
reduced to four, the same number as the number of degrees of freedom. These were
categorized as failed fits but overall the χ2 analysis indicated that 474 out of the 576
distributions were successfully fit. This is a success rate of 82.29% and indicates an
overall good fit of the ex-Gaussian distribution to this data set.

Figure 42. Example of the PDF and parameters for a representative participant.
Left: Redundant condition with half proportion enhanced for the arch feature.
Right: Control condition with half proportion enhanced for the arch feature.
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The normality of the µ and τ parameters was examined via the Shapiro-Wilk (S-W) test.
Both were non-normally distributed. See Appendix G for a summary of the normality
tests. Examining the skew, kurtosis, and histograms for the µ parameter suggested that
the conditions with redundant mapping tended to be heavily positively skewed while
those conditions with controlled data mapping were fairly normally distributed. This
pattern was present with the τ parameter as well but much less prominent with a more
general positively skewed trend across the mapping conditions. For both parameters,
similar to the mean RT, the Arc feature tended to be more normally distributed compared
to the Gauge and Needle conditions. Each of the three standard transformations (log,
inverse, and square root) was applied to the data and each was examined to determine
their impacts on the normality of the RT data for each condition. The effects of the
transformations differed across the parameters. The τ could be mostly normalized, due to
its more consistent distributions across conditions, but the µ could not.
After transformation, the τ parameter still had some violations of normality. Inspection of
the Q-Q plot and histogram for this condition found it to be acceptable with only one
moderate outlier. See Appendix G for normality tests, histogram and plot. A sensitivity
test was performed where the single outlier participant was removed list-wise from the
data and the same analysis was performed. No differences in significances occurred.
After processing the τ parameters as described they were submitted to a 3 × 2 × 2
(Feature Type × Proportion Enhanced × Data Mapping) repeated measures ANOVA.
Exploratory analyses were conducted for interactions by first collapsing across the
relevant factor(s) using the raw RT data and then applying the log transform before
submitting them to a set of paired t-tests.
Since the µ parameter does not fall within a reasonable assumption of normality and it’s
distribution exceeds the tolerance of an ANOVA’s robustness, non-parametric
approaches to analysis were explored. The Friedman χ2 test and the Wilcoxon t test were
chosen to independently analyze the main effects of the factors (Feature, Proportion
Correct and Mapping Type). This results in some loss of power, and forgoes investigation
of interactions but allows for more reliable analysis.
The µ parameters were collapsed into the individual factors. The symmetry of the
difference scores between the levels of the Proportion Correct (zskewness = -0.54) and
Mapping Type (zskewness = .08) conditions were verified by checking their skewness
statistics. The µ parameters for these two factors were then submitted to a pair of
Wilcoxon t tests. The Feature µ parameters were submitted to a Friedman χ2 test.
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RESULTS OF RESPONSE TIME DISTRIBUTION ANALYSIS FOR EXP 1

Response Time (ms)!

Mu Parameter:
There was a significant effect of Feature Type χ2(2) = 21.38, p < .001, ηp2 = .15.
Post hoc comparisons using the Nemenyi’s procedure indicated there was a significant
difference between the µ parameters for the Needle feature when compared to both the
Arc and Gauge µ parameters. This indicates that the peaks of the RT distributions were
further to the right (meaning more slower RTs) for the Needle feature than the other two
features. A Wilcoxon signed rank test also showed that there was a significant impact of
Data Mapping on the µ parameters Z = -6.03, p < .001, indicating that the peaks of the
RT distributions were further to the right (meaning more slower RTs) for the control
condition when compared to redundant mapping condition. There was however no
significant impact by the Proportion Enhanced on the µ parameters Z = -0.67, p = 0.51,
indicating that the presence of half or all the distractors in the enhanced range did not
seem to influence the peak of the RT distribution.
5000!
4000!
3000!
2000!
1000!
0!
Arch!

Gauge!
Feature Type!

Needle!

Response Time (ms)!

Figure 43. Comparison of mean RT across each feature. Error bars represent standard
error of the mean.
5000!
4000!
3000!
2000!
1000!
0!
Redundant!

Control!
Data Mapping Type!

Figure 44. Comparison of mean RT across the control and mapping conditions. Error bars
represent standard error of the mean.
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Response Time (ms)!

Tau Parameter:
All three factors examined were significant. There was a main effect of Feature
Type F(2, 94) = 25.24, p < .001, ηp2 = .35. Bonferroni-corrected post-hoc tests showed
that all features were significantly different from one another. The Arc had a smaller τ
parameter than both the Gauge (p = .01) and Needle (p < .001), indicating that the Arc’s
RT distribution had shorter tails than the distributions of the other two features.
Conversely, the Needle had a larger τ parameter than both the Arc (p < .001) and the
Gauge (p = .001), indicating the Needle’s RT distribution had longer tails than the
distributions of the other two features.
5000!
4000!
3000!
2000!
1000!
0!
Arch!

Gauge!
Feature Type!

Needle!

5000!

Response Time (ms)!

Response Time (ms)!

Figure 45. Comparison of the mean RT of each feature. Error bars represent standard
error of the mean.
4000!
3000!
2000!
1000!
0!
Half!
All!
Proportion Enhanced!

Figure 46. Comparison of mean RT for
each level of proportion enhanced. Error
bars represent standard error of the mean.

5000!
4000!
3000!
2000!
1000!
0!
Redun.!
Control!
Data Mapping Type!

Figure 47. Comparison of mean RT
across
control
and
redundancy
conditions. Error bars represent standard
error of the mean.

There was a main effect of Proportion Enhanced F(1, 47) = 17.01, p < .001, ηp2
= .27. Bonferroni-corrected post-hoc tests showed a significant difference between the
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conditions. When all of the stimuli were within the enhanced range, τ was greater than
when only half of the stimuli were within the enhanced range (p < .001). This indicates
that the RT distribution had longer tails for trials where all distractors were within the
enhanced range. There was a main effect of Data Mapping F(1, 47) = 9.24, p = .004, ηp2
= .16. Bonferroni-corrected post-hoc tests showed a significant difference between the
conditions. The control mapping condition resulted in larger τ than the redundant
mapping condition (p = .004). Again, this indicates that when contrast was redundantly
mapped, the RT distribution had shorter tails than when it wasn’t.
There was a significant interaction of Feature Type with Data Mapping F(2, 94) =
6.63, p = .002, ηp2 = .12. An exploratory analysis was conducted using nine paired
sample t-tests to explore the interaction between each feature and the two Data Mapping
conditions at a reduced alpha (α = .006). The τ parameter of Needle changed significantly
across the two mapping conditions (p < .001) while there didn’t appear to be significant
change for either the Arc (p = 0.26 n.s.) or Gauge (p = 0.91 n.s.) τ parameters. Within the
redundant mapping condition, the Arc τ parameter was significantly different from that of
the Gauge (p = .001) and the Needle (p < .001), while the Gauge and Needle parameters
did not differ significantly (p = 0.15). However, in the control mapping condition, the
Needle τ parameter was significantly different from that of the Arc (p < .001) and the
Gauge (p < .001), while the Arc and Gauge parameters did not differ significantly (p =
0.11).

Response Time (ms)!

Arch!

Gauge!

Needle!

5000!
4000!
3000!
2000!
1000!
0!
Redun.!
Control!
Proportion Enhanced!

Figure 48. Comparison of interaction between mean RT data across the levels of the
proportion enhanced conditions (collapsed across data mapping conditions).
Overall the results of the distribution analysis support the findings of the classical
mean RT approach. The only additional information was in the case of contrasts between
the tail and body of the distribution. This may point to cases where longer RTs are due to
inefficient search resulting from repeated search of the displayed stimuli. Since this is not
an unfamiliar concept for inefficient search of visual stimuli, this additional analysis
confirms the results but does not add significantly to the content of the research.
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APPENDIX F
ASSESSMENT OF NORMALITY (EXP. 1: RT DATA)
Shapiro-Wilk test of normality for RT data before and after a +/- 3 SD cutoffs:
Shapiro-Wilk

Before +/- 3 SD Trimming

After +/- 3 SD Trimming

EXP1 Conditions
Arch_Half_Redun

Statistic
0.938

Sig.
0.014

Statistic
0.937

Sig.
0.012

Arch_Half_NoRedun
Arch_All_Redun

0.965
0.939

0.163
0.015

0.965
0.937

0.155
0.012

Arch_All_NoRedun

0.951

0.044

0.965

0.165

Gauge_Half_Redun

0.862

0.000

0.861

0.000

Gauge_Half_NoRedun

0.930

0.007

0.942

0.019

Gauge_All_Redun

0.897

0.000

0.892

0.000

Gauge_All_NoRedun

0.896

0.000

0.895

0.000

Needle_Half_Redun

0.864

0.000

0.854

0.000

Needle_Half_NoRedun

0.899

0.001

0.889

0.000

Needle_All_Redun
Needle_All_NoRedun

0.819
0.878

0.000
0.000

0.815
0.873

0.000
0.000

Shapiro-Wilk test of normality applied to trimmed RT data after each transformation:
Shapiro-Wilk
EXP1 Conditions

Log Transform

Inverse Transform

Square Root Transform

Statistic

Sig.

Statistic

Sig.

Statistic

Sig.

Arch_Half_Redun
Arch_Half_NoRedun

0.956
0.988

0.071
0.887

0.920
0.858

0.003
0.000

0.953
0.985

0.055
0.787

Arch_All_Redun

0.954

0.058

0.919

0.003

0.952

0.046

Arch_All_NoRedun

0.968

0.214

0.926

0.005

0.973

0.339

Gauge_Half_Redun
Gauge_Half_NoRedun

0.944
0.974

0.023
0.345

0.976
0.893

0.411
0.000

0.907
0.963

0.001
0.137

Gauge_All_Redun

0.963

0.130

0.967

0.196

0.934

0.010

Gauge_All_NoRedun

0.956

0.067

0.947

0.030

0.927

0.005

Needle_Half_Redun
Needle_Half_NoRedun

0.961
0.977

0.113
0.462

0.979
0.985

0.535
0.781

0.921
0.943

0.003
0.022

Needle_All_Redun

0.950

0.040

0.989

0.921

0.893

0.000

Needle_All_NoRedun

0.964

0.145

0.973

0.333

0.930

0.007

Skewness and Kurtosis of RT values after trimming and transformation:
Skewness
EXP1 Conditions
Arch_Half_Redun
Arch_Half_NoRedun
Arch_All_Redun
Arch_All_NoRedun
Gauge_Half_Redun
Gauge_Half_NoRedun
Gauge_All_Redun
Gauge_All_NoRedun
Needle_Half_Redun
Needle_Half_NoRedun
Needle_All_Redun
Needle_All_NoRedun

Kurtosis

Score
-0.056
-0.214
-0.069
-0.186
0.662

Std. Error
0.343
0.343
0.343
0.343
0.343

Z skewness
-0.163
-0.624
-0.201
-0.542
1.930

Score
-1.185
-0.358
-1.123
-0.931
-0.017

Std. Error
0.674
0.674
0.674
0.674
0.674

Z skewness
-1.758
-0.531
-1.666
-1.381
-0.025

0.020
0.461
0.442
0.674
0.448
0.847

0.343
0.343
0.343
0.343
0.343
0.343

0.058
1.344
1.289
1.965
1.306
2.469

-0.696
-0.226
-0.787
0.905
0.193
0.805

0.674
0.674
0.674
0.674
0.674
0.674

-1.033
-0.335
-1.168
1.343
0.286
1.194

0.440

0.343

1.283

0.255

0.674

0.378
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APPENDIX F (continued)
ASSESSMENT OF NORMALITY (EXP. 1: RT DATA)
Histogram and Q-Q plot of outlier participant for the Needle-All-Redun condition:
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APPENDIX G
ASSESSMENT OF NORMALITY (EXP. 1: µ & τ PARAMETER DATA)
Shapiro-Wilk test of normality for the µ and τ parameters.
Shapiro-Wilk

Raw µ Parameters
Statistic
Sig.

EXP1 Conditions
Arch_Half_Redun
Arch_Half_NoRedun
Arch_All_Redun
Arch_All_NoRedun
Gauge_Half_Redun
Gauge_Half_NoRedun
Gauge_All_Redun
Gauge_All_NoRedun
Needle_Half_Redun
Needle_Half_NoRedun
Needle_All_Redun
Needle_All_NoRedun

Raw τ Parameters
Statistic
Sig.

0.818

0.000

0.937

0.012

0.978
0.821
0.959

0.507
0.000
0.091

0.953
0.951
0.951

0.051
0.044
0.043

0.770
0.989
0.802

0.000
0.942
0.000

0.945
0.902
0.934

0.025
0.001
0.009

0.988
0.894
0.957

0.913
0.000
0.074

0.936
0.934
0.874

0.011
0.010
0.000

0.906
0.931

0.001
0.008

0.791
0.851

0.000
0.000

Shapiro-Wilk test of normality applied to square root transformed τ parameter.
Shapiro-Wilk
EXP1 Conditions
Arch_Half_Redun

Square Root Transform
Statistic
Sig.

Arch_Half_NoRedun
Arch_All_Redun
Arch_All_NoRedun
Gauge_Half_Redun
Gauge_Half_NoRedun
Gauge_All_Redun
Gauge_All_NoRedun
Needle_Half_Redun
Needle_Half_NoRedun
Needle_All_Redun
Needle_All_NoRedun

0.980

0.590

0.948
0.977

0.035
0.452

0.977
0.971
0.976

0.444
0.277
0.409

0.969
0.985
0.978

0.227
0.807
0.490

0.969
0.913
0.953

0.222
0.002
0.052

Skewness and kurtosis of τ factor after square root transformation.
Skewness
EXP1 Conditions

Kurtosis

Arch_Half_Redun

Score
0.16

Std. Error
0.34

Z skewness
0.48

Score
-0.57

Std. Error
0.67

Z kurtosis
-0.85

Arch_Half_NoRedun
Arch_All_Redun

-0.49
0.08

0.34
0.34

-1.44
0.23

0.92
-0.74

0.67
0.67

1.36
-1.10

Arch_All_NoRedun

-0.18

0.34

-0.52

0.34

0.67

0.50

Gauge_Half_Redun

-0.21

0.34

-0.61

1.27

0.67

1.88

Gauge_Half_NoRedun
Gauge_All_Redun

0.28
-0.13

0.34
0.34

0.83
-0.38

-0.08
0.65

0.67
0.67

-0.12
0.96

Gauge_All_NoRedun

0.18

0.34

0.52

-0.33

0.67

-0.49

Needle_Half_Redun
Needle_Half_NoRedun

-0.01
0.46

0.34
0.34

-0.03
1.34

0.31
0.97

0.67
0.67

0.45
1.45

Needle_All_Redun

0.67

0.34

1.95

2.89

0.67

4.28

Needle_All_NoRedun

0.35

0.34

1.01

1.03

0.67

1.53
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APPENDIX G (continued)
ASSESSMENT OF NORMALITY (EXP. 1: µ & τ PARAMETER DATA)
Histogram and Q-Q plot of outlier participant for the Needle-All-Redun condition:
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APPENDIX H
ASSESSMENT OF NORMALITY (EXP. 1: PC DATA)
Shapiro-Wilk test of normality for raw and transformed PC data.
Shapiro-Wilk

Raw Data

Arc Sin Transform

EXP1 Conditions
Arch_Half_Redun
Arch_Half_NoRedun

Statistic
0.785
0.855

Sig.
0.000
0.000

Statistic
0.867
0.964

Sig.
0.000
0.142

Arch_All_Redun
Arch_All_NoRedun
Gauge_Half_Redun

0.926
0.835
0.873

0.005
0.000
0.000

0.923
0.956
0.948

0.004
0.069
0.034

Gauge_Half_NoRedun
Gauge_All_Redun
Gauge_All_NoRedun

0.898
0.835
0.904

0.001
0.000
0.001

0.970
0.953
0.975

0.248
0.051
0.402

Needle_Half_Redun
Needle_Half_NoRedun
Needle_All_Redun

0.928
0.959
0.952

0.006
0.093
0.049

0.901
0.978
0.981

0.001
0.498
0.636

Needle_All_NoRedun

0.956

0.070

0.977

0.477

Skewness and kurtosis for arcsine transformed PC data.
Skewness

Kurtosis

EXP1 Conditions
Arch_Half_Redun

Score
0.177

Std. Error
0.343

Z skewness
0.52

Arch_Half_NoRedun

-0.359

0.343

0.44

0.343

Arch_All_NoRedun

-0.342

0.343

Gauge_Half_Redun
Gauge_Half_NoRedun

-0.033
-0.075

0.343
0.343

Gauge_All_Redun

-0.319

Gauge_All_NoRedun
Needle_Half_Redun

-0.121
0.657

Needle_Half_NoRedun
Needle_All_Redun
Needle_All_NoRedun

Arch_All_Redun

Score
0.374

Std. Error
0.674

-1.05

0.307

0.674

0.46

1.28

-0.615

0.674

-0.91

-1.00

0.398

0.674

0.59

-0.10
-0.22

-0.448
0.56

0.674
0.674

-0.66
0.83

0.343

-0.93

-0.259

0.674

-0.38

0.343
0.343

-0.35
1.92

-0.032
0.031

0.674
0.674

-0.05
0.05

0.285

0.343

0.83

-0.213

0.674

-0.32

0.205
-0.046

0.343
0.343

0.60
-0.13

0.249
-0.672

0.674
0.674

0.37
-1.00
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Z kurtosis
0.55

APPENDIX I
RAW AND TRANSFORMED VALUES (EXP. 1: MEAN RT DATA)
Trimmed Mean Table
Feature
Arch
Arch
Arch
Arch
Gauge
Gauge
Gauge
Gauge
Needle
Needle
Needle
Needle
Prop. Enh.
Half
Half
All
All
Half
Half
All
All
Half
Half
All
All
Map Type Redundancy Control Redundancy Control Redundancy Control Redundancy Control Redundancy Control Redundancy Control
1
3841
3450
4067
3634
2697
4193
2982
3770
3110
4467
3434
4716
2
3278
2855
3371
3145
2127
2891
2212
3140
2581
3870
2666
4043
3
1048
2767
1484
3148
1805
3462
1497
3767
2709
4738
2484
4685
4
1670
2175
1805
2005
1370
2369
1396
2721
3577
5033
3615
4646
5
1346
2527
1473
3082
2311
4116
1885
4467
3159
4028
2679
3837
6
1517
2169
1690
2490
2595
5637
2911
6299
3450
5754
4373
5516
7
3678
4270
4574
4707
2038
4456
2502
4763
3235
5839
3866
5522
8
2829
3137
2929
2727
1926
3771
2153
3737
2258
4943
2715
4212
9
1914
3006
2392
3384
1912
4596
2325
4740
3501
6225
4105
7785
10
1001
2193
1087
2324
2127
3860
2033
3335
3274
6224
3228
5950
11
1741
2587
1851
2982
2313
3053
2303
3410
2437
3235
2601
3810
12
928
2020
1202
2014
1630
3106
1676
3115
1610
3864
1970
3351
13
2072
3350
2228
3199
2918
4032
2979
3549
2771
4619
3469
4347
14
3386
3772
3507
4152
1962
2818
2110
3773
2643
4036
3040
4600
15
2178
1760
2066
1728
2020
2376
1834
2575
2144
2996
2394
2432
16
4654
4549
4423
4648
3588
4036
3320
4317
4522
5377
4501
4744
17
2988
3035
3483
3135
3192
3149
3101
3041
2740
3822
3134
4190
18
4051
3726
4142
4036
3692
4367
3608
4524
4982
6449
4951
5804
19
4537
4133
4724
4075
2374
4878
2649
5700
2480
4778
2947
5477
20
2459
1906
2601
2101
1400
3068
1512
3017
1712
4049
2121
3988
21
3513
3480
3492
3995
2037
3816
2224
3932
3018
4843
2640
5452
22
2618
5169
2478
5092
2350
5744
2462
4672
2298
4063
2800
3929
23
2989
3401
3315
3753
1789
3695
2126
3870
2300
4481
2668
4336
24
4819
5129
5028
5037
2437
6156
3397
6800
1871
7347
1927
6933
25
771
2054
793
2227
1460
2197
1438
2833
3344
3235
3000
3535
26
804
2011
893
2320
1330
3130
1279
3269
2901
5024
3487
4818
27
940
2536
1024
2601
1174
3073
1155
3287
3339
4448
3477
4863
28
1319
2246
1311
2329
1839
3387
1889
3307
2492
4004
2601
3783
29
1158
4070
1322
4134
2154
4627
2077
4309
3956
6811
4094
8686
30
1828
2513
1782
2638
2232
3207
2017
3479
2316
3754
2528
4085
31
3958
3413
4561
3789
4781
5784
4736
5717
5122
6791
5816
8268
32
1668
3164
1827
3077
1999
3925
2096
3794
3149
5633
3203
5583
33
2552
3746
2355
4501
5747
7176
5452
7575
7642
8402
8155
9023
34
837
1833
914
2272
1325
3306
1480
2782
2980
4498
2627
4763
35
661
1596
798
2268
1395
2646
1369
2941
2113
4032
1885
4368
36
725
1708
816
1708
1284
2363
1232
2916
1864
4415
2112
4877
37
1388
2349
1744
3506
1942
4303
2280
4339
2165
3734
2283
4274
38
1550
2992
1863
2789
4273
5545
5008
6412
2556
3835
2462
3654
39
2517
2740
3065
2952
3107
3145
2900
3560
2349
3474
2504
3724
40
2428
3569
2565
4850
2965
6151
2887
5918
2764
6382
2912
5329
41
2969
2583
2456
2785
3052
4389
3372
4897
2599
3314
2511
3408
42
3228
3293
4214
3876
4951
5438
4701
4933
3482
4721
3304
4072
43
1345
2854
1648
2890
2056
3042
2110
3311
3139
3937
2852
3923
44
3226
3130
3346
3531
5571
5169
5733
5339
4979
5581
5198
5678
45
1745
3940
2951
4240
4102
6014
3910
6322
5022
10499
7202
10472
46
888
1630
1143
2074
2178
2941
2416
2824
1662
2346
1816
2462
47
2215
2733
2742
3409
3685
6658
3865
7362
4038
8923
4431
7644
48
962
2682
942
2824
1853
3637
1994
3110
1989
3728
2010
2966
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APPENDIX I (continued)
RAW AND TRANSFORMED VALUES (EXP. 1: MEAN RT DATA)
Log Transformed Mean Table
Feature
Prop. Enh.
Map Type
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Arch
Arch
Arch
Arch
Gauge
Gauge
Gauge
Gauge
Needle
Needle
Needle
Needle
Half
Half
All
All
Half
Half
All
All
Half
Half
All
All
Redundancy Control Redundancy Control Redundancy Control Redundancy Control Redundancy Control Redundancy Control
3.57
3.52
3.59
3.54
3.39
3.59
3.45
3.54
3.47
3.63
3.50
3.64
3.50
3.44
3.50
3.48
3.27
3.43
3.30
3.45
3.37
3.53
3.39
3.56
2.98
3.39
3.08
3.46
3.18
3.48
3.10
3.50
3.39
3.63
3.36
3.63
3.17
3.30
3.21
3.24
3.10
3.33
3.11
3.39
3.50
3.66
3.49
3.60
3.08
3.36
3.11
3.45
3.33
3.57
3.20
3.62
3.44
3.58
3.37
3.55
3.14
3.31
3.15
3.36
3.38
3.74
3.42
3.77
3.48
3.73
3.55
3.70
3.53
3.60
3.63
3.62
3.28
3.63
3.34
3.64
3.48
3.72
3.56
3.71
3.41
3.47
3.44
3.41
3.24
3.53
3.28
3.55
3.31
3.65
3.37
3.58
3.24
3.45
3.32
3.49
3.24
3.64
3.32
3.66
3.51
3.77
3.59
3.86
2.98
3.29
3.01
3.29
3.28
3.53
3.27
3.47
3.47
3.75
3.46
3.74
3.19
3.37
3.20
3.42
3.30
3.45
3.32
3.50
3.35
3.48
3.37
3.55
2.95
3.28
3.04
3.28
3.17
3.47
3.17
3.46
3.18
3.55
3.26
3.50
3.29
3.49
3.32
3.47
3.43
3.57
3.44
3.50
3.42
3.61
3.51
3.58
3.50
3.53
3.48
3.54
3.23
3.41
3.26
3.52
3.37
3.55
3.41
3.60
3.30
3.22
3.29
3.20
3.26
3.31
3.23
3.37
3.29
3.44
3.33
3.36
3.64
3.64
3.62
3.65
3.49
3.56
3.45
3.58
3.60
3.69
3.61
3.66
3.46
3.47
3.53
3.48
3.48
3.47
3.46
3.46
3.41
3.56
3.48
3.61
3.60
3.56
3.61
3.59
3.55
3.63
3.55
3.64
3.69
3.78
3.68
3.75
3.64
3.60
3.65
3.60
3.32
3.68
3.35
3.74
3.36
3.63
3.41
3.69
3.35
3.24
3.37
3.26
3.11
3.45
3.14
3.44
3.20
3.55
3.29
3.55
3.52
3.53
3.52
3.58
3.27
3.56
3.31
3.58
3.43
3.66
3.39
3.72
3.33
3.69
3.31
3.69
3.31
3.69
3.33
3.63
3.32
3.56
3.40
3.54
3.46
3.52
3.51
3.56
3.20
3.56
3.28
3.58
3.33
3.63
3.38
3.61
3.66
3.70
3.68
3.68
3.32
3.78
3.44
3.80
3.20
3.84
3.22
3.81
2.87
3.29
2.87
3.31
3.12
3.30
3.12
3.41
3.49
3.47
3.44
3.49
2.89
3.28
2.93
3.32
3.10
3.46
3.08
3.47
3.43
3.68
3.50
3.65
2.95
3.40
2.98
3.41
3.04
3.48
3.04
3.51
3.49
3.64
3.52
3.67
3.03
3.29
3.05
3.33
3.21
3.47
3.21
3.47
3.35
3.57
3.38
3.54
3.05
3.59
3.09
3.60
3.30
3.65
3.28
3.61
3.56
3.82
3.58
3.91
3.21
3.36
3.20
3.39
3.29
3.47
3.27
3.50
3.32
3.54
3.38
3.58
3.58
3.52
3.64
3.56
3.67
3.75
3.66
3.74
3.69
3.82
3.74
3.89
3.16
3.49
3.22
3.48
3.28
3.59
3.30
3.58
3.49
3.72
3.50
3.72
3.37
3.56
3.32
3.63
3.74
3.84
3.72
3.86
3.86
3.90
3.89
3.94
2.90
3.22
2.93
3.30
3.09
3.48
3.12
3.40
3.41
3.63
3.37
3.65
2.81
3.08
2.88
3.24
3.08
3.28
3.07
3.35
3.27
3.55
3.21
3.60
2.83
3.18
2.88
3.20
3.04
3.33
3.05
3.42
3.21
3.61
3.25
3.61
3.11
3.35
3.21
3.52
3.28
3.62
3.33
3.61
3.31
3.54
3.32
3.59
3.14
3.43
3.19
3.41
3.60
3.72
3.66
3.79
3.34
3.52
3.33
3.50
3.39
3.42
3.47
3.45
3.46
3.48
3.43
3.52
3.34
3.52
3.36
3.53
3.27
3.51
3.32
3.64
3.40
3.75
3.42
3.74
3.40
3.77
3.42
3.67
3.42
3.39
3.35
3.40
3.43
3.62
3.47
3.65
3.38
3.47
3.35
3.48
3.49
3.49
3.59
3.55
3.68
3.71
3.65
3.67
3.49
3.62
3.48
3.56
3.10
3.43
3.18
3.43
3.29
3.45
3.29
3.49
3.47
3.56
3.43
3.56
3.50
3.48
3.51
3.53
3.74
3.71
3.75
3.72
3.69
3.74
3.70
3.75
3.18
3.58
3.38
3.60
3.58
3.76
3.57
3.78
3.59
3.98
3.76
3.95
2.92
3.18
3.01
3.28
3.29
3.43
3.33
3.41
3.18
3.34
3.22
3.35
3.28
3.38
3.33
3.48
3.46
3.79
3.51
3.83
3.53
3.86
3.57
3.81
2.95
3.40
2.94
3.40
3.23
3.54
3.25
3.44
3.27
3.50
3.27
3.43
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APPENDIX J
BLOCK ORDER FOR EXP. 2

Block Order

Block 1

Block 2

Block 3

1
2
3
4
5
6

Hull
Hull
Temp
Temp
Fuel
Fuel

Temp
Fuel
Hull
Fuel
Hull
Temp

Fuel
Temp
Fuel
Hull
Temp
Hull

Note: Hull corresponds to the Arc feature, Fuel corresponds to the Gauge feature, and
Temperature corresponds to the Needle feature

124

APPENDIX K
DESCRIPTIVE DATA FOR “BONUS” DATA BLOCK FROM EXP. 2
There were three blocks of 32 trials presented at the end of experiment two, one fore each
of the three features (Arc, Gauge and Needle). The order these blocks were presented in
matched the order the participants were exposed to the features in the main experiment.
Only animated trials were presented, the difference between the bonus trials and main
experiment trials was the duration of the animation (2 seconds rather than 6 seconds).
The same cutoff time for the end of the trial was used (6 seconds) so after the 2 seconds
of rapid animation, the participants could continue searching for the target. Below are the
summary tables for the response time and proportion correct data split by the three main
factors for the experiment. For the purpose of comparison, each of these is presented by
the relevant summary information for the experimental trial data. Note that the bonus data
summarized here is the raw unprocessed data without trimming.
Response Time:
Trial Type
Experimental

Arc
2010.29 (SD = 790.43)

Feature Type
Gauge
2145.12 (SD = 539.88)

Bonus

1506.55 (SD = 502.47)

1619.14 (SD = 328.94)

Needle
2411.96 (SD = 511.06)
1869.50 (SD = 460.62)

Proportion Enhanced
Trial Type
Experimental

Half
2128.45 (SD = 463.54)

All
2249.79 (SD = 495.05)

Bonus

1612.34 (SD = 390.94)

1749.02 (SD = 403.95)

Display Type
Trial Type
Experimental

Static
2124.69 (SD = 480.28)

Animated
2253.55 (SD = 475.06)

N/A

1680.66 (SD = 390.46)

Arc

Feature Type
Gauge

Needle

88.33% (SD = 9.18%)
86.43% (SD = 11.53%)

91.22% (SD = 7.08%)
87.70% (SD = 10.33%)

85.83% (SD = 6.22%)
81.73% (SD = 8.57%)

Bonus

Proportion Correct:
Trial Type
Experimental
Bonus

Proportion Enhanced
Trial Type

Half

All

Experimental

89.20% (SD = 6.77%)

87.72% (SD = 6.75%)

Bonus

85.56% (SD = 7.83%)

85.66% (SD = 8.72%)

Display Type
Trial Type
Experimental
Bonus

Static

Animated

88.74% (SD = 6.52%)
N/A

88.18% (SD = 7.02%)
85.61% (SD = 7.62%)
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APPENDIX L
POST EXPERIMENT QUESTIONNAIRE (EXP. 2)
Debrief Questionnaire
Participant #: ________

Date:________________
Initials: ________

Computer #: ________

Please note, these first four questions pertain to the first three larger sections you
completed (not the shorter ones at the end):
1. Rate the overall difficulty of the experiment (Circle one of the options):

2. How would you rate the difficulty of finding probes with the LEAST HULL?
Using the ARCH feature. (Circle one of the options)

3. How would you rate the difficulty of finding probes that were the MOST
OVERHEATED? Using the NEEDLE feature. (Circle one of the options)
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APPENDIX L (continued)
POST EXPERIMENT QUESTIONNAIRE (EXP. 2)
4. How would you rate the difficulty of finding probes with the LEAST FUEL?
Using the GAUGE feature. (Circle one of the options)

The remaining questions apply to your experience throughout the experiment:
5. What strategies did you use to find the correct glyph during the experiment?
Describe your strategies:

6. Did your strategies change during the section at the end? If they did, please
describe how:

7. What do you think the contrast (different levels of gray used) represented in the
glyphs?

8. Did the pieces of the glyph you were looking for sometimes change (animate) as
you were looking at them? (Circle one of the options)
Yes / No

9. Do you think the animation of the glyph features impacted your performance? If
yes, in what way?

127

APPENDIX M
POST EXPERIMENT INTERVIEW (EXP. 2)
1. What did you think of the pace of the experiment? Did you feel rushed at all during
the experiment?
2. Did you develop any strategies to find the correct target during the experiment? Did
you notice that sometimes the glyph features would change while you were
searching? Did your strategy differ based on whether they were animating or not?
3. What did you think about the duration of the experiment?
4. Did you think there were enough breaks or would you have wanted more or fewer?
5. You will recall that there was a specific feature you were looking for in each section
of the experiment, the arc, the gauge or the needle. Did you ever have any issues
remembering which feature you were looking for? If yes, when was this/which one?
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APPENDIX N
ASSESSMENT OF NORMALITY (EXP. 2: RT DATA)
Shapiro-Wilk test of normality for RT data before and after a +/- 3 SD cutoffs:
Shapiro-Wilk
EXP2 Conditions
Arch_Half_Static

Before +/- 3 SD Trimming

After +/- 3 SD Trimming

Statistic

Sig.

Statistic

Sig.

0.963
0.960

0.366
0.304

0.959
0.958

0.284
0.269

0.958
0.960

0.278
0.316

0.956
0.954

0.248
0.221

Gauge_Half_Animated

0.978
0.961

0.764
0.322

0.974
0.961

0.660
0.324

Gauge_All_Static

0.961

0.333

0.963

0.364

Gauge_All_Animated

0.980

0.836

0.979

0.785

Needle_Half_Static

0.965

0.417

0.968

0.496

Needle_Half_Animated

0.966

0.430

0.966

0.433

Needle_All_Static
Needle_All_Animated

0.963

0.371

0.965

0.410

0.967

0.455

0.966

0.429

Arch_Half_Animated
Arch_All_Static
Arch_All_Animated
Gauge_Half_Static

Skewness and Kurtosis of RT values after trimming:
Skewness

Kurtosis

EXP2 Conditions
Arch_Half_Static

Score
0.171

Std. Error
0.427

Z skewness
0.400

Score
-0.796

Std. Error
0.833

Z kurtosis
-0.956

Arch_Half_Animated
Arch_All_Static

0.038
0.115

0.427
0.427

0.089
0.269

-0.985
-0.921

0.833
0.833

-1.182
-1.106

Arch_All_Animated
Gauge_Half_Static

-0.009
0.460

0.427
0.427

-0.021
1.077

-0.886
-0.211

0.833
0.833

-1.064
-0.253

Gauge_Half_Animated

0.700

0.427

1.639

0.361

0.833

0.433

Gauge_All_Static
Gauge_All_Animated
Needle_Half_Static

0.519
0.258
-0.258

0.427
0.427
0.427

1.215
0.604
-0.604

-0.359
-0.150
-0.750

0.833
0.833
0.833

-0.431
-0.180
-0.900

Needle_Half_Animated
Needle_All_Static

0.122
-0.323

0.427
0.427

0.286
-0.756

-0.807
-0.734

0.833
0.833

-0.969
-0.881

Needle_All_Animated

-0.289

0.427

-0.677

-0.856

0.833

-1.028
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APPENDIX O
ASSESSMENT OF NORMALITY (EXP. 2: PC DATA)
Shapiro-Wilk test of normality for raw and transformed PC data.
Shapiro-Wilk
EXP2 Conditions

Raw Data

Arc Sin Transform

Statistic

Sig.

Statistic

Sig.

Arch_Half_Animated

0.893
0.879

0.006
0.003

0.970
0.949

0.528
0.161

Arch_All_Static

0.909

0.014

0.978

0.772

Arch_All_Animated

0.850

0.001

0.948

0.148

Gauge_Half_Static
Gauge_Half_Animated

0.838

0.000

0.959

0.288

0.895

0.006

0.961

0.331

Gauge_All_Static
Gauge_All_Animated

0.724

0.000

0.893

0.006

0.724

0.000

0.854

0.001

Needle_Half_Static
Needle_Half_Animated

0.951

0.176

0.968

0.481

0.958

0.268

0.982

0.878

Needle_All_Static

0.942

0.104

0.881

0.003

Needle_All_Animated

0.931

0.053

0.966

0.434

Arch_Half_Static

Skewness and kurtosis for arcsine transformed PC data.
Skewness

Kurtosis

EXP2 Conditions
Arch_Half_Static

Score
-0.127

Std. Error
0.427

Z skewness
-0.297

Score
-0.555

Std. Error
0.833

Z kurtosis
-0.666

Arch_Half_Animated
Arch_All_Static

-0.015
-0.086

0.427
0.427

-0.035
-0.201

-0.766
0.021

0.833
0.833

-0.920
0.025

Arch_All_Animated
Gauge_Half_Static
Gauge_Half_Animated

-0.340
-0.266
0.132

0.427
0.427
0.427

-0.796
-0.623
0.309

-0.493
0.530
0.887

0.833
0.833
0.833

-0.592
0.636
1.065

Gauge_All_Static

-0.961

0.427

-2.251

3.055

0.833

3.667

Gauge_All_Animated
Needle_Half_Static

-1.467
0.417

0.427
0.427

-3.436
0.977

2.451
0.354

0.833
0.833

2.942
0.425

Needle_Half_Animated
Needle_All_Static

-0.072
1.363

0.427
0.427

-0.169
3.192

-0.390
2.434

0.833
0.833

-0.468
2.922

Needle_All_Animated

-0.355

0.427

-0.831

0.052

0.833

0.062
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