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A B S T R A C T 

A Comparison of Interactive Color Specification Systems 

for Human-Computer Interfaces. (December 1994) 

Evelyn Frances Wells, B.S., Texas A & M University 

Co-Chairs of Advisory Committee: Dr. Louis G. Tassinary 
Dr. Donald H . House 

Color specification is a time-consuming and challenging task in computer 

graphics applications. The purpose of this research is to examine the color specification 

process in the context of current human-computer interface technology, and to investigate 

how certain attributes of a color specification system affect its usability during a visual 

color matching task. Eighteen color specification systems are compared, each composed 

of different combinations of color space (red-green-blue, RGB; opponent channel, OPP; 

hue-saturation-value, HSV), slider type (plain, static, dynamic), and background context 

(achromatic, chromatic). 

A total of 83 undergraduate students, both male and female, participated in the 

study. Each subject completed six trials, with each trial consisting of a set of color matches 

using a particular system. Color matching performance was analyzed to yield measures of 

time, physical effort, accuracy, and convergence speed. The systems were then compared 

quantitatively according to these measures and qualitatively based on preference. 

The results indicate that the OPP color space led to greatest convergence and 

most user comfort, while the RGB space ranked second in terms of convergence, and the 

HSV space ranked second in terms of user comfort. Among the slider types, the dynamic 

sliders were superior according to almost every usability measure, followed by the static 

sliders and then the plain sliders. Context had a mixed effect in that the achromatic 

background led to slower but more accurate matches than did the chromatic background. 
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I N T R O D U C T I O N 

Over the last ten years, computers have evolved from slow, batch-processing, 

isolated machines with black-and-white displays and simple command-line interfaces into 

fast, interactive, multi-tasking, networked systems capable of displaying over 16 million 

colors within multi-window and multi-media direct-manipulation interfaces. In this time 

period, computer users have also evolved. At first relegated to those few who could 

"speak" the machine language, computers can now be used by all segments of the 

population in their work and at home, for such diverse purposes as communication, 

education, and entertainment. This acceptance of computers into everyday life can in large 

part be attributed to advances made in human-computer interfaces. 

For the first time in the short history of computer technology, processing speeds 

exceed the pace of a person's actions. While there will always be room for improvement 

in hardware design, the computer science community is now aware that the human-

computer interface is a bottleneck that can inhibit efficient use of computers. The purpose 

of any interface is to facilitate interaction by increasing communication between the 

systems it bridges. Facilitation of this communication process, in order to dissolve the 

interface bottleneck, is the main focus of human-computer interface design [24]. 

Color can be a very important element in interface design. There are at least two 

ways in which color can affect the usability of an interface. As a design component, color 

can function as a useful communication tool to convey meanings, increase comprehension 

speed, and influence emotions. From the beginning, interface design has benefitted greatly 

from the transfer of color use principles that were developed through decades of research 

in traditional media. However, as computers continually deviate from these traditional 

media by becoming more dynamic, multi-dimensional, and hypermedia-based, color 

The style used is that of the ACM Transactions on Graphics. 



interface design remains an active area of research [13, 17, 6]. 

A second aspect of color in interface design concerns the task of color 

specification: What is the easiest and most efficient way for a person to specify colors on 

the computer? The color specification task is not a trivial one, taking anywhere from a few 

seconds to obtain a very rough approximation (e.g., "red") to several minutes to obtain a 

very specific shade (e.g., "reddish-orange highlights on a peach"). Some color 

manipulations are needed infrequently (e.g., modifying default window colors, using 

colored text in a typesetting package, choosing colors for a pie chart) while other 

applications require virtually continuous color manipulation (e.g., image processing, 

scientific visualization, computer art and animation). An optimal color specification 

system would presumably increase the efficiency of the color specification task by 

reducing time, effort and errors. It would also encourage people to use color more 

extensively in their work, to have lower tolerance for error during the color specification 

task, and to take full advantage of the entire color gamut of modern display devices. It is 

also important to realize that the usability of the color specification system significantly 

affects the overall usability of the entire human-computer interface. 

In a reciprocal fashion, the acceptance and widespread use of a software package 

contributes to the popularity of the color specification system embedded within it, 

regardless of the abstract efficiency of that particular system. This "coat-tail" acceptance 

phenomenon has resulted in an evolution of color specification systems that consist 

primarily of ad hoc modifications of established techniques, with little empirical research 

as to their relative effectiveness. The few studies in this area are of limited value because 

they were conducted using now antiquated display and interface technology. The purpose 

of this research is to examine the color specification process by evaluating the relative 

effectiveness of color specification systems in the context of current human-computer 

interface technology. 



B A C K G R O U N D 

Color 

Color is a complex phenomenon that results from the interaction between 

physical objects, a physical medium (light) and a psychobiological system (the human 

visual apparatus). Color does not exist outside of this interaction - it is the sole property of 

neither physical nor perceptual processes [28]. 

Light, the physical medium in this interaction, refers to electromagnetic radiation 

within a certain range of wavelengths (roughly 380-770 nm) that are perceptible by the 

human visual system. As illustrated in Figure 1, any light source may be completely 

described by a function that specifies the intensities of each component of the light for 

every wavelength in the visible spectrum [28]. 

300 400 500 600 700 800 
Wavelength (nm) 

Fig. 1. Stylized characterization of a given light source according to its intensity at all 
component wavelengths within the visible spectrum. 

As light enters the human psychobiological system through the eye, it causes 

chemical reactions in the rod and cone cells in the retina. The rods are especially sensitive 

to light intensity, and are important for seeing at low levels of light. The cones are 

uniquely sensitive to wavelength and are essential for color vision. There are three types 

of cone cells, with each type maximally sensitive to a different portion of the visible 



spectrum. Assuming a light is intense enough, it will stimulate all three types of cones, but 

to differing degrees. The ratios of stimulation between the three types of cones are the 

basis for our experience of "color." The process is quite complicated, and still not fully 

understood. In general, the signals from the three types of cones are first preprocessed into 

opponent-based signals of red-green, blue-yellow, and black-white (or intensity), as 

shown in Figure 2. This opponent processing explains how a color can never appear either 

simultaneously reddish and greenish, or simultaneously bluish and yellowish [8]. 

BLUE GREEN RED 

Red-Green 

White-Black 
(luminance) 

Blue-Yellow 

Fig 2. Schematic diagram of the opponent channel theory of vision. Signals from the red, 
green and blue cones are preprocessed by other retinal cells into opponent channels of red-
green, blue-yellow and white-black. Summation of signals is indicated by the symbol "+", 
while difference is indicated by the symbol (Adapted from Figure 4.21, page 129, in 
[8].) 

After the primary retinal signals are transformed into opponent signals, they are 

relayed to other visual areas of the brain where they are further processed into the 

psychological sensations of color. These sensations have traditionally been described as 

hue (what we would call the primary nature, or name, of the color, such as green, red, 

purple or orange), saturation (the vividness or "colorfulness" of the color - how much it 

differs from neutral or grey), and lightness (the intensity or brightness of the color) [22]. 



Color Spaces 

Describing color is a quite complex endeavor. What one person may call "light 

reddish-orange" others may label simply "red" or "orange" or by more complex terms 

such as "coral", "melon" or "rosy peach." The use of physical color swatches circumvents 

the language barrier but presents additional problems. Humans can generally distinguish 

hundreds of thousands of different colors, but vary widely in discrimination ability [7]. 

Designing a standard set consisting of millions of color swatches would be a tremendous 

task; accurately mass-producing them according to specifications and then attempting to 

use such a large set of swatches for real work would be impossible. To communicate about 

color over distance and time, there would have to be an orderly, unambiguous system that 

does not rely on physical samples for standards. 

Fortunately, color is a property that can be defined using three independent 

dimensions. This means that instead of specifying color as a certain value of one 

dimension (a unique name or a swatch index), one can theoretically specify any color by a 

triplet of parameter values. Each of the three parameters needs only several hundred value 

levels in order for the set of all triplets to explicitly define all possible unique, discernible 

colors. When treating color as a three-dimensional property, the representation of the set 

of three particular parameters chosen to define the colors is called a color space. 

The parameter set or color space one chooses to employ depends on the context 

of the color use. Physicists describe colors in terms of the physical properties of 

electromagnetic radiation, i.e., dominant wavelength, purity and luminance [28]. 

Physiologists may use the relative activity of the three types of cone cells in the retina, or 

they may use the relative activity across the opponent channels. Researchers in 

colorimetry1 use one of the universally accepted systems set forth by the Commission 

1 Colorimetry is the science of analyzing the human response to color in order to construct mathematical 
functions that are used to define color in terms of that response. The mathematical functions are then used to 
predict human response to color, and to explore theories about the underlying physiological mechanisms for 
human color vision. 



Internationale de l'Eclairage (CIE) such as X Y Z , CEElab or CflEluv, which are based on 

"imaginary" mathematical primaries that cannot be described by ordinary color terms 

[25]. Psychologists and artists tend to use visually salient aspects of pigments, i.e., hue, 

chroma and value (or tint, tone and shade). Printers use the primary colors of the inks used 

in the printing process: cyan, magenta and yellow (CMY). Video technicians and 

computer programmers use the primary colors of monitor phosphors: red, green and blue 

(RGB). With proper conversion routines, computer software can accommodate any color 

space by simply translating other color space specifications to the RGB color specification 

required by the monitor hardware. However, the translation can never be completely 

perfect because the physical nature of the display components limits the color gamut (the 

set of all displayable colors) of the monitor. Optimizing the transformations between color 

spaces and across display devices is another active area of research [9, 15, 23]. 

Interactive Color Specification 

Once a color space is chosen, each location in the space defines a color, and 

every color contained in the space can be referred to by a corresponding set of three 

parameter values. Interactive color specification is the process of creating or defining a 

color by adjusting the values of the parameters until the desired color is produced. The 

process can be thought of as having two phases. In the convergence phase, large-scale 

modifications of the parameters are used to create a color that is "close to" the desired 

color. The refinement phase is characterized by small-scale manipulation of the 

parameters until the exact desired color is created. The relative importance of the two 

phases (and the time spent in each) varies according to the level of accuracy needed by the 

color specification task. For example, creating a flesh-tone color for retouching a portrait 

would require a great deal more refinement than would selecting a dark blue for a simple 

background. 



The color specification task can also be categorized according to the nature of the 

color being created. This color may be visually available as an area on the screen or as a 

physical object (such as a cloth sample or a paint chip). More often, the color is available 

only as a mental representation of a particular color ("Pepto-Bismol™ pink") or a range of 

colors, either abstract ("dark reddish-purple") or representational ("leaf green"). 

A simple visual color matching task has long been the basis for colorimetry 

research and psychophysical assessment of color discrimination ability. In this type of test, 

a standard colored light is presented on a black background, and the subject manipulates 

the amounts of two or more component lights until a matching colored light is created 

[28]. Similar discrimination tests can also be carried out on the computer [2, 11]. 

However, color specification in real-world computer applications is rarely a true color 

matching task in this sense. Most specification tasks are concerned with mental colors 

rather than visual colors, and most colors are used in highly complex contexts. 

Color Specification Systems 

In a human-computer interface, the color specification system is that portion of 

the interface with which a person interacts to specify a color to be used for the next or 

current "action." An action is one of the myriad purposes for which a person uses color on 

the computer. These purposes might include: assigning a value to a particular entity (the 

cursor, a window element, a group of lines, a word, a 3D object, etc.); setting the default 

for a class of objects (all window backgrounds in an application, all rectangles, all words 

in subject headings, etc.); or, in the context of image processing, replacing all pixels of one 

color with this new color, or adding the new color to all pixels. The appearance and 

functionality of a color specification system will depend a great deal on the types of 

actions that are performed by its encompassing application. For example, a simple 

graphing package may have only a limited, fixed palette of colors to choose from, while a 



drawing package will typically have a system that allows a person to interactively specify 

one of millions of possible colors. Systems vary considerably, but they can be 

characterized by several general design attributes, e.g. color space, input technique, 

drawing style, context, and visual design. 

Color Space 

One important part of the system is the color space it employs. Because the red-

green-blue (RGB) color space is native to the display hardware, it was the first space to be 

used in computer graphics applications. In 1978, the hue-saturation-value (HSV) space 

was introduced [22]. This color space was introduced specifically to give people a more 

intuitive way to access color on the computer. It is qualitatively based on the 

psychological primaries of color, and is a transformation of the RGB space. Presently, 

RGB and HSV are the most widely used color spaces. More recently, opponent-channel 

based color spaces have been proposed as alternatives [26, 21, 27]. Additionally, a system 

may use more than one space, accessed either modally (i.e., only one space active at a 

time) or concurrently. Some researchers have even suggested that all three types of color 

spaces should be made available within the same system [12]. 

Input Technique 

Systems also vary in their input technique, or how they allow the three color 

parameters to be manipulated. Most systems employ simply a trio of one-dimensional 

(ID) sliders, allowing only one of the three parameters to change at a time. Some 

sophisticated systems contain a two-dimensional (2D) input area that allows for 

simultaneous change of two parameters. For instance, a system using the HSV color space 

may combine the hue and saturation parameters to present them as a slice through the 

space at constant value. In this type of system, the 2D input area is usually augmented by 



a slider that allows access to the third parameter. Sliders for the first two parameters are 

often included to facilitate their independent manipulation. Instead of sliders, another 2D 

input area could be added, providing redundant control for one parameter. For instance, a 

saturation-value input area (a slice through the HSV space at constant hue) could be used 

along with the hue-saturation input area mentioned above. Three-dimensional (3D) input 

techniques have been developed for color specification systems, but are not yet widely 

used and have not been documented in the literature [19]. Such techniques would allow a 

person to freely move through the color space, manipulating all three color parameters 

simultaneously. 

Drawing Style 

Another important aspect of the input technique concerns how the input areas are 

rendered. At the simplest level, sliders and 2D display areas are used to input numerical 

values, and their only required function is to represent those values as locations within a 

fixed range of values in a one-dimensional or two-dimensional space. In fact, the simplest 

color specification systems typically consist of three plain black-and-white sliders. 

However, the input areas may also be colored to show extra information about the color 

space and its parameters and this coloring may be static or dynamic. 

A statically colored input area is rendered with a color ramp that represents the 

full range of allowable values for the given parameter(s). The color ramp emphasizes 

which parameters are associated with which input areas, and indicates how a change in a 

parameter will affect color appearance. For ID input, this means rendering the slider with 

the full range of its parameter's values, while the other two parameters are held at some 

ideal level. For instance, in a system using the HSV space, the hue and saturation 

parameters can be held at a constant level of 0 while value (V) is varied, so that the value 

slider is shaded from black (V=0) to white (V=max). This emphasizes that this slider is 



associated with the value parameter, and it also shows that a color will darken as the value 

parameter is decreased and lighten as it is increased. A statically colored 2D input area is 

rendered with the full range of the two parameters' values, while holding the third 

parameter at some ideal value. For instance, in an HSV-based system, the hue/saturation 

input area could be rendered as a color circle with maximum value. The rendering of 

statically colored input areas is constant - it never changes as the three parameters are 

manipulated during the color specification process. 

A dynamically colored input area is continuously modified as a person interacts 

with the system, and is rendered to represent exactly the range of colors that would be 

created by a given change in the parameter(s). For ID input, this means rendering the 

slider with the full range of its parameter's values, while the other two parameters are held 

at their current values (rather than some ideal values). Looking again at an HSV-based 

system, the value slider would be shaded from a color that has the current hue and 

saturation and the minimum value (black; V=0), to a color that has the current hue and 

saturation and the maximum value (V=max). The within-slider shading displays the exact 

colors that correspond to all intermediate levels of value. Similarly, a 2D input area is 

rendered with the full range of its two parameters' values, while the third parameter is 

held at its current value. For the HSV-based system, a hue/saturation area would be 

rendered at the current value, rather than at full value. 

Another way to think about the differences between the rendering methods is to 

consider how they relate to the color space. Plain input areas simply represent the 

coordinate system of the color space. Static input areas show a representation of colors in 

the space, but only those colors that lie along primary axes or planes of the space. 

Dynamic input areas constantly change to show the colors that lie along lines or planes 

parallel to the primary axes, always with the location of the current color as a reference. 
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Context 

It is a well-known fact that color appearance is dramatically affected by adjacent 

colors and by the size, shape and texture of the colored area itself [1]. Not surprisingly, 

systems vary in how they address this phenomenon. Some systems simply ignore it, and 

provide only an isolated swatch to display the color as it is being modified. While 

technically this swatch does have its own context, it is usually a simple monochrome 

background, and certainly not the final context in which the color will be used. In this 

case, only the isolated swatch of color changes as the parameter values are adjusted. When 

the color is thought to be correct, the computer is told to perform the next action (e.g. 

"color this object") with this color. If the color appears incorrect when viewed in context, 

it must again be adjusted in isolation, reapplied, re-evaluated in context, and so on, in an 

iterative and potentially tedious fashion. 

Another approach to dealing with color context is to allow a person to first 

specify an action and then to perform this action continuously as they manipulate the color 

parameters. In this case, a swatch is still used to display an isolated sample, but the color is 

also simultaneously modified in the application so that it is always viewed in context. 

Thus, the person never has to stop interacting with the system in order to evaluate the 

color. Unfortunately, the processing requirements of complex actions (such as changing 

the color of the lighting in a rendered 3D scene) can degrade the interactivity of a system. 

If performing an action takes more than a few hundreths of a second, it can cause a 

noticeable delay in both input (i.e., the sliders jump from value to value instead of moving 

smoothly) and output (i.e., the color is not immediately or continuously updated as a 

parameter is changed). 

One solution to this problem is to defer the choice between interactivity and 

contextuality to the person using the system. A system could either supply an explicit 

"contextual/isolated" option to be set, or it could determine the person's preference from 



the state of the system (i.e., perform contextual manipulation only if a current action has 

been indicated, otherwise provide isolated manipulation until an action is requested). 

Another solution is to accommodate both methods in an even more adaptive fashion. 

While the person is actively interacting with the system (e.g., while a mouse button is 

pressed and the mouse is moving), the system could refrain from contextual updates and 

only modify the isolated color swatch. When the person discontinues the interaction 

(releases the mouse button or stops moving the mouse for a certain period of time), the 

system would then update the color in context. In this manner, both interactivity and 

contextuality are accommodated, and the person is not required to explicitly switch 

modes. 

Visual Design 

Finally, systems also vary in their visual design. This includes many details such 

as the size and shape of the area used to display the isolated swatch of color as it is being 

manipulated, the size, shape, orientation, labeling and coloring of input areas (text, slider 

or 2D display areas), which dimensions are chosen to be simultaneously manipulable, the 

range of the parameters (usually 0-1, 0-100% or 0-255), and the resolution within the 

given range (for example, a resolution of 2 provides 50 equal steps in a range of 0 to 100). 

The "look and feel" of a system is up to the interface designer, though it can also be 

somewhat dependent on the design guidelines for the encompassing application, or on the 

qualities of the interface toolkit with which it was built. 

Example Systems 

The best way to understand how these system attributes affect appearance and 

functionality is to examine several existing systems. A l l of the following examples are 

taken from utilities and software available on a Silicon Graphics platform2. 



An example of the most basic kind of color specification system in shown in 

Figure 3. This particular system is used to change colors in the window manager's color 

map (a task that typical computer users perform infrequently, if at all). Figure 3a shows 

the system in its default state. It employs the RGB space, and three plain one-dimensional 

sliders. The red, green and blue parameters are indicated by the color of the slider handle. 

Their range is 0 to 255, with a resolution that depends on the size of the window. At the 

smallest possible window size, the sliders are 79 pixels long, resulting in a resolution of 

about 3 or 4 levels per pixel, for a total of 493,039 unique RGB triplets. As the window is 

resized, its dimensions are constrained to the original aspect ratio (i.e. the ratio of height to 

width remains constant). The sliders are also proportionately resized, and their resolution 

increases according to their new length, as shown in Figure 3b. The resolution peaks at 1 

level per pixel when the window is large enough to display the sliders as 256 pixels (or 

more) in length. In this state, the system allows access to the entire 16,777,216 RGB 

triplets contained in the monitor gamut. 

The number under the color swatch refers to the number of that entry in the color 

map. The editing is completely contextual - as the parameters are manipulated, the map 

entry is modified, and any window element that uses this map entry is simultaneously 

modified. This utility also has a pull-down menu that can be used to switch between color 

spaces (RGB, CMY, HSV, or HLS 3 ) and numbering style (decimal or hexadecimal). 

Figure 3b shows the system configured with the HSV space and hexadecimal numbering. 

Notice that the slider handles are still colored red, green and blue, so that the parameter 

identities (and even the color space itself) become ambiguous. 

The next two examples come from different versions of the same application (a 

2 Silicon Graphics computers are advanced graphical workstations specifically designed for visually 
intensive tasks such as animation, scientific visualization and image processing. The programs discussed in 
this section are typical of such applications, and are products of Silicon Graphics, Inc. 
3 HLS is similar to HSV, but treats the intensity parameter as "lightness" rather than "value". These spaces 
are discussed in great detail in [22]. 



(a) (b) 

Fig. 3. The color specification system for the "cedit" utility. Copyright 1993 Silicon 
Graphics, Inc. (a) At the default size, (b) Enlarged to increase resolution. 

Fig. 4. The color specification system for an older version of the Showcase drawing 
and presentation package (version 2.0.3). Copyright 1992 Silicon Graphics, Inc. 
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general-purpose drawing and presentation package), allowing a unique opportunity to see 

how the implementation of a color specification system can evolve over time. Figure 4 

shows the system as it appeared in an early version. This system uses the HSV and RGB 

spaces concurrently. It contains a dynamically colored 2D input area for simultaneous 

access to hue and saturation, and a plain slider for individual access to all of the six 

parameters. The window that contains this system is not resizeable. The slider stays at a 

constant length of 133 pixels, resulting in a resolution of approximately 0.0075 within a 

range of 0 to 1 for each parameter value. Arrow buttons at the top and bottom of the slider 

facilitate fine control of motion in 2-pixel increments. The 2D display area is 208 pixels in 

diameter, resulting in a lower resolution for saturation (around 0.01) and a variable 

resolution for hue (ranging from 0.0015 for highest saturation, to 0.003 for medium 

saturation, to 1 - or no hue resolution - at zero saturation). A "Center" button is supplied as 

a shortcut for setting the saturation to 0. Text-based input is also supported. Because the 

text areas use 3 significant digits, they allow an exact resolution of 0.001 for each 

parameter. However, the text display areas are too small, and sometimes cut off the last 

significant digit of the parameter value (it is still used, just not displayed). This system 

offers only isolated editing. The "Apply" button is used to indicate that the current color 

should be used for an action (coloring an object, or saving in a palette). The color 

swatches at the top represent the color defined by the current parameter values (left), and 

the last applied version of the color (right). The "Reset" button is used to reset the current 

color to the last applied version. 

Figure 5 shows the system as it appears in a later version of the same application. 

It begins with the HSV space as a default, as in Figure 5a. Instead of using the RGB and 

HSV spaces concurrently, the "Edit" pull-down menu allows for switching between them. 

This system also uses a dynamically colored 2D hue/saturation input area, but it is now 

hexagonal in shape and only 118 pixels in diameter. The auxiliary slider is now 
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(a) (b) 

Fig. 5. The color specification system for a newer version of the Showcase drawing 
and presentation package (version 3.0). Copyright 1993 Silicon Graphics, Inc. (a) At the 
default size, and using the H S V space, (b) Enlarged to increase resolution, and using the 
RGB space. 

(a) fb; 

Fig. 6. The color specification system for the Explorer scientific visualization package 
(version 1.0). Copyright 1992 Silicon Graphics, Inc. (a) At the default size, and using static 
sliders, (b) Enlarged to increase resolution, and using dynamic sliders. 



dynamically colored, but is also only 118 pixels in length and its fine-control arrows have 

been removed. In this default configuration, the system sacrifices resolution to take up less 

screen space. Fortunately, the window that contains this system can be freely resized. 

When finer resolution is needed, the window size can be increased (with no aspect ratio 

constraints), and both the slider and the 2D input area expand and increase in resolution to 

fit the new window. As shown in Figure 5b, the slider and the two color swatches increase 

only in length (according to the new window width), the 2D area keeps its shape as it 

increases in size (according to the smaller of the window dimensions), and the other 

interface elements remain unchanged. In this system, the size of the text-based input areas 

is large enough to accommodate the higher resolution capabilities without cutting off the 

last digit. The "Center" button has been renamed to "Gray" but still has the same function. 

The system still allows for only isolated editing, and the "Apply" and "Reset" buttons 

have been replaced with rather small right-arrow and left-arrow buttons. 

The last system, shown in Figure 6, is from a popular scientific visualization 

package. It contains many of the elements found in the previous system, but is designed in 

a more user-configurable manner. In its default state, it only offers a statically colored 

circular hue/saturation input area, 111 pixels in diameter. The "Sliders" pull-down menu 

contains several possible slider configuration options: "None" (the default), "Value" (one 

slider), " R G B " (three sliders), "HSV" (three sliders), "RGB V " (RGB's three sliders, plus 

a value slider), and "RGB HSV" (all six sliders). Figures 6a and 6b both show the system 

with this last option. The sliders are 186 pixels in length, with a range of 0 to 1. The text 

areas to the right of the sliders display the current values for the sliders, but with only a 

0.01 resolution. The window that contains this system is also freely resizeable, but the 

resizing is handled differently. As shown in Figure 6b, all of the display elements (the 

swatches, sliders and 2D input area) increase in size proportionately. The resolution of the 

parameters also increases, although the text display areas do not reflect this because they 



remain at a resolution of only 0.01. 

The "Edit" pull-down menu contains an option called " W Y S I W Y G " (an 

acronym for "what you see is what you get"), which switches the system to a fully 

dynamic display mode, as shown in Figure 6b. In this mode, all display areas are 

dynamically colored. When not in this mode, most of the input areas are statically colored. 

The exceptions to this are the saturation and value sliders, which are still partially 

dynamic. Because saturation must be represented with some hue, the current hue is used, 

while the ideal value of 1 is used, no matter what the current value is. The value slider is 

treated in the same manner, using the current hue and the ideal saturation of 1, no matter 

what the current saturation is. While this treatment was not necessary for the value slider, 

it works well to have both sliders behave in a consistent manner. The "Edit" pull-down 

menu also contains options to control the contextuality of the color editing. The "Manual" 

option initiates purely isolated editing, with the "Accept" button used to apply the current 

color. When the "Continuous" option is chosen, the system switches to purely contextual 

editing and the "Accept" button disappears. In this system (in either manual or continuous 

editing modes), the color swatch on the right serves a slightly different purpose than it did 

in the system discussed previously. Instead of being associated with the last applied color, 

it is now only used as a temporary holder for color. The arrow buttons in the middle are 

used to save the current color (right arrow), retrieve that saved color (left arrow), or swap 

the colors (double arrow). 

These examples illustrate some of the diversity that exists in past and current 

color specification systems. While there are many published guidelines for other common 

interface elements such as file selection dialog boxes or cascading pull-down menus [4, 

14], there are no published guidelines for how color specification systems should be 

designed. A l l of these attributes - color space, input technique, drawing style, context, and 

visual design - may affect the usability of a color specification system, and the ideal set of 



attributes for a particular system will depend on what types of color specification tasks are 

supported within the overall application. A thorough knowledge of the interactions 

between the color specification task and the attributes of a color specification system will 

greatly benefit interface designers in creating optimally usable systems. The purpose of 

this research is to explore some of these issues. 



PREVIOUS WORK 

The initial research regarding computer color specification systems was centered 

on the attribute of color space. Researchers looked outside of the computer graphics realm 

to find color models that could be adapted to the computer environment in order to provide 

alternative ways to access the colors in the CRT gamut. Many such color spaces have been 

developed, along with efficient algorithms to convert specifications in these spaces to the 

RGB color space [10, 16]. 

The first study to explore system usability also concentrated on the attribute of 

color space [3]. In this study, the relative effectiveness of three color spaces were 

evaluated: RGB, HSV, and a new language-based naming system called CNS. Subjects 

were shown color samples and allowed one opportunity to describe the color with 

numerical values for the RGB and HSV spaces and English terms for the CNS space. 

Basing efficiency on how close the estimates were to the target color, the CNS space was 

found to be superior to the HSV space, which was superior to the RGB space. However, 

this study was conducted when human-computer interactions were limited by command-

line interfaces. Interactive color specification systems now allow continuous and 

instantaneous visual feedback, so that "one-shot" color naming is no longer representative 

of the tasks confronting computer users. 

A later study, conducted when alternative input devices (such as tablets and 

mice) were gaining acceptance and interfaces were becoming more interactive, attempted 

to evaluate the effects of both color space and input technique on the efficiency of a color 

specification system [20]. In this study, five color spaces (RGB, HSV, YIQ, CIElab, and an 

opponent-channel space), and two types of input techniques (single-attribute control and 

multiple-attribute control) were examined. Single-attribute control allowed for only one of 

the three parameters to be manipulated at a time, while multiple-attribute control allowed 



simultaneous manipulation of two of the three parameters. Both input techniques involved 

the use of a digitizing tablet to manipulate the color parameters. Subjects (university 

students with no prior experience) performed a series of color matches and the color 

match data were compared for completion times, error rates, and times to reach certain 

thresholds of color error. 

From this data, it was concluded that, in general, the multiple-attribute control 

technique resulted in faster but less accurate matches than did the single-attribute control 

technique. When comparing performance according to the color space used, the authors 

also noted that: 1) the RGB space led to relatively quick but inaccurate matches 

(especially during the convergence phase), while the HSV space led to relatively slow but 

accurate matches; 2) color spaces with independent lightness control lead to lower error in 

intensity, though having an independent hue or chroma control does not lead to lower error 

in those color components; 3) the RGB space and the opponent-channel space both were 

good in that they led to more match completions and faster match times; and 4) the RGB 

space was the best (and the HSV space was the worst) during convergence, though no 

color space was particularly good during refinement. When looking at the results with 

respect to time (over the one hour experimental session), they concluded that significant 

learning of the task did occur, that this learning improves the convergence phase more 

than the refinement phase, and that RGB was the only space that was learned almost 

immediately. 

This study was a most important first step in investigating the interactions 

between a color specification system's attributes and its usability. However, several 

aspects of the study may decrease the applicability of its findings to current system design. 

First of all, the experimental method it employed was patterned too closely after a 

traditional psychophysical color discrimination test rather than a real-world color 

specification task. This resulted in a physical configuration of the subject and the test 



stimuli that was significantly different from the typical configuration of a person using a 

computer. Also, only five different colors were matched, which is a very small sampling of 

the total range of colors available in the CRT gamut. Most importantly, the interaction 

techniques lacked the continuous visual feedback that is an essential element of current 

human-computer interface technology. 



OBJECTIVES 

General Objectives 

The purpose of this research was two-fold: to increase understanding of the color 

specification process in the context of current user-interface technology, and to investigate 

how certain attributes of the color specification system affect its usability during a visual 

color matching task. The attributes examined were: 

1. Color Space. Three fundamentally different color spaces, each representative 

of a distinct stage in color vision processing, were compared. The RGB space was chosen 

as representative of a physically-based color space, as it is based on the physics of light 

and the CRT display device, and because it is roughly correlated with the three types of 

cones in the retina. The OPP space was chosen as representative of a physiologically-

based color space, because it is based on the opponent-channel theory of color vision. The 

HSV space was chosen as representative of a psychologically-based color space, as it is 

based on how humans think and communicate about color. Full descriptions of the RGB 

space may be found in [7], and the HSV space in [22]. The OPP space was created 

especially for this research, and has been detailed in [27]. These color spaces will be 

discussed more fully in the Methods section of this thesis, and algorithms for transforming 

between RGB and the other two spaces are contained in Appendix B . 

2. Slider Type. This study examined color specification systems that employ a 

trio of one-dimensional sliders to control the three color space parameters. Three ways of 

drawing the sliders are compared, which differ according to the amount and type of 

information they provide. Plain sliders are drawn with a solid white channel (the interior 

portion of the rectangular-shaped slider), providing information only about the relative 

parameter values. Static sliders are drawn to represent the full range of allowable 

parameter values, providing redundant visual information about which parameter is 



associated with each slider, and indicating how a parameter will affect the appearance of 

the color as its slider is manipulated. The within-slider coloring is static - it never changes 

even as the slider is manipulated. Dynamic sliders change color continuously as a person 

manipulates them. They are drawn to display the range of colors that can be created by 

adjusting the slider, providing predictive information as to exactly what color would be 

created by a given change. A color rendering of the three slider types for the RGB, OPP 

and HSV color spaces is shown in Figure 7. 

3. Context. Two types of context (the background behind the swatch of color 

being modified) are compared. Both types of context consist of a checkered background 

with the same average luminance. Their difference lies in their luminance contrast and 

chromatic content. The achromatic context has only black and white checkers, which 

result in a high degree of luminance contrast. The chromatic context consists of checkers 

of varying colors that are evenly sampled from the CRT gamut and that provide a low 

degree of luminance contrast. A color rendering of the two backgrounds is shown in 

Figure 8. 

Specific Objectives 

1. To analyze the color specification process by examining how a person navigates 

within the three-dimensional color space, and to evaluate characteristics of this 

process that might be used as an indication of the system's ease of use. 

2. To determine the effect of color space on the color specification process and the 

usability of the system. 

3. To determine the effect of slider type on the color specification process and the 

usability of the system. 

4. To explore the effect of context on the color specification process and the usability 

of the system. 



RGB OPP HSV 

Fig. 7. The three slider types for each color space. From top to bottom, the plain, static, 
and dynamic sliders for RGB (left), OPP (center), and HSV (right). 

Ac h romatic Chrom at i c 

Fig. 8. The two types of context. The achromatic (black and white) context is shown on 
the left, and the chromatic (colored) context is shown on the right. 



5. To determine if there are interactions between the three attributes (color space, 

slider type and context) that would affect the color specification process or the 

usability of the system. 

6. To compare the relative effects of the three attributes on the color specification 

process and the usability of the system. 

7. To determine if personal characteristics such as gender and academic major affect 

the color specification process, or if these characteristics would interact with the 

three system attributes to affect the color specification process or the usability of 

the system. 

8. To determine the color space people were most comfortable with, and to compare 

these findings with the color space deemed most usable by objective standards. 

9. To determine the slider type people were most comfortable with, and to compare 

these findings with the slider type deemed most usable by objective standards. 

Hypotheses 

1. Effect of color space: ordered according to their proximity to the final stage of 

color perception (i.e., their intuitiveness), the HSV space should lead to greatest 

usability, followed by the OPP space, then by the RGB space. 

2. Effect of slider type: ordered according to the amount of information they contain, 

dynamic sliders should lead to greatest usability, followed by static sliders, then 

plain sliders. However, dynamic sliders may cause confusion or distraction, and 

lead to decreased usability. 

3. Effect of context: because surrounding colors can interfere with color appearance, 

the chromatic context should hinder the color specification process and decrease 

the usability of the system when compared to an achromatic context. 

4. Effect of interaction between attributes: because the RGB space is supposedly the 



least intuitive of the spaces, the dynamic sliders might be most helpful for 

navigating through it. The dynamic sliders might be less useful for the OPP and 

HSV spaces because of the interdependence of their parameters (i.e., certain levels 

of the saturation, value, and black-white parameters can cause the other sliders to 

loose their coloring). 

5. Relative effects of the attributes: ordered according to their contribution to the 

functionality and appearance of the system, color space should have a greater 

effect on usability than slider type, which should have a greater effect than context. 

6. Effect of subject characteristics: there might be some effect of gender and 

academic major on performance. For instance, architecture students (who are 

presumably more visually-oriented) might perform better and might prefer the 

HSV space because it is similar to the familiar pigment-based spaces. 

7. Effect of color space on comfort: again based on their intuitiveness, people should 

prefer the HSV space over the OPP space, and the OPP space over the RGB space. 

Their preference should also predict their measured performance. 

8. Effect of slider type on comfort: again based on their informativeness, people 

should prefer dynamic sliders over static sliders, and static sliders over plain 

sliders. Their preference should also predict their measured performance. 



METHODS 

Rationale 

The goal of this study was to investigate the effect of certain design attributes on 

the usability of a color specification system. Systems with different sets of attributes were 

compared by examining various usability measures taken from data generated by students 

who used the systems to perform a series of color matching exercises. In the experiment, 

the color matching exercise was used as a simplification of a general color specification 

task. During the exercise, the students were presented with two color swatches: one 

containing a standard test color, and the other containing a color that they controlled. The 

students interacted with the color specification systems to manipulate the color parameters 

until the colors were identical. 

A color matching exercise of this sort is unlike a typical color specification task 

in at least two ways. First, the color to be matched is visually present and in close 

proximity on the screen, and second, there is no application context - no specific purpose 

for the color, no question of its suitability for a particular use. In a real color specification 

task, the color to be created usually only exists as a mental representation, and the 

specification task includes iterative evaluations not only of the correctness of the physical 

color swatch (i.e., "does this match the color I'm thinking of?"), but also of the correctness 

of the mental representation (i.e., "is the color I'm thinking of the right color for this 

task?"). This complex interaction between application context, mental representation and 

physical color makes it very difficult to use a real color specification task to explore 

system usability in a controlled experiment. 

Using a color matching exercise as a representation of the real task has the 

advantage of allowing for objective analysis of usability measures, such as time and 

accuracy. One can think of the color matching task as a simplification of an isolated 



component of the overall color specification task. In other words, the question "does this 

match the color I'm thinking of?" becomes "does this match the color I see above?". At 

the most basic level, the physical actions a person must take in interacting with a color 

specification system are essentially the same for both types of tasks. Thus, a basic 

assumption underlying this research is that systems that facilitate a simple matching task 

will accordingly facilitate the real color specification task. 

Experimental Design 

Eighteen different color specification systems were compared, which differed in 

their attributes of color space (RGB, OPP, or HSV), slider type (plain, static, or dynamic), 

and context (achromatic or chromatic). In each phase of the experiment, participants used 

one of the systems to match a series of 27 colors. Each color match was expected to take 

about one minute, so that each phase would last approximately half an hour. The color-

matching performance data were then analyzed to yield various measures indicative of the 

system's usability, and these measurements were used to compare the effectiveness of the 

different systems. 

A completely within-subjects design was desired, but this would have required 

nine hours of testing for each student and this was not possible. Instead, a mixed model 

design was implemented, requiring only three hours of time from each student. Color 

space was chosen to be treated as the between-subjects variable, for several reasons. First, 

because color space is the attribute that causes the greatest difference in appearance and 

functionality between the systems, it was expected that it would also lead to the greatest 

difference in usability. Therefore, the more powerful testing method (the within-subjects 

comparisons) was left to the presumed "weaker" attributes of slider type and context. 

Also, because color space is the only attribute that needed to be explained, it was thought 

that it would be simpler for the students to only have to learn one space. Thus, each 
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student was assigned one color space for the entire experiment, used one of the slider 

types for each session, and completed two phases (one with each type of context) during 

each session. This arrangement required each student to complete three sessions, lasting 

approximately one hour each. 

The three sessions were spaced out over a four-week period, with the time 

between sessions averaging 8.9 days. Because we could not assume the students 

remembered the instructions from the previous sessions, the experiment program was 

presented in exactly the same manner for all three sessions, including all instructions and 

practice. The color space variable was randomly assigned to each student at the start of 

their first session, such that the three color spaces were evenly distributed among the 

participants in each group (based on gender and subject pool). The within-subjects 

variables (slider type and context) were counterbalanced to negate the effects of 

presentation order. The exact treatment orders can be found in Appendix E. 

Research Participants 

A total of 83 undergraduate students participated in the study. Students were 

screened for color vision deficiencies using the Standard Pseudo-Isochromatic Plates 

Color-blindness test [18]. Of the 79 color-normal students, approximately half (42) were 

taken from a pool of students enrolled in an introductory psychology course, while the 

remainder (37) were taken from students enrolled in two introductory architecture courses. 

The psychology group was comprised of 21 females and 21 males, while the architecture 

group contained 18 females and 19 males. Six of the students were left-handed, three of 

whom chose to use the mouse with their right hand. A l l students received class credit for 

completing the experiment and their participation was entirely voluntary in all stages of 

the experiment. This arrangement was discussed with each student at the start of the first 

session, and signed informed consent forms were obtained in accordance with university 



policy. Copies of the experiment forms are found in Appendix C. 

A l l participants completed the three sessions. However, results for the first 

session for one female architecture student were questionable because she apparently 

misunderstood the instructions, taking three times as long as anyone else to complete the 

session. The results for the third session for two male psychology students were 

invalidated by an administrative error. A l l data for these three participants were excluded 

from the analysis, but are included in Appendices E and F. 

Four students (two male psychology students and two male architecture 

students) exhibited signs of color vision deficiencies during the preliminary screening. 

These students were allowed to participate in the study, though their data was treated 

separately and was not included in any part of the analysis. Since there was not a 

significant number of color-deficient participants, no separate analysis was done on then-

data. However, a brief discussion of their performance, in relation to the performance of 

the other students, is included in Appendix K, and their data are included in Appendices E 

and F. 

Procedure 

Sessions were conducted at 1.5 hour intervals, with two participants per time 

slot, running from 8:30am to 8pm on weekdays and 11:30am to 5:30pm on Saturdays. 

Sign-up sheets for session times were designed so that two students from the same group 

(by gender and subject pool) would share concurrent slots. Session times were distributed 

among the groups so that known class hours were avoided and so that each group had 

approximately equal access to both morning and evening times. Two female graduate 

students served as experimenters. 

For the first session, starting times were staggered by fifteen minutes so that each 

participant could be individually introduced to the experiment and tested for color vision 



deficiency. At the start of this session, the student was asked to read and sign a consent 

form and to fill out an entry questionnaire. A copy of these forms, along with all others 

used in the experiment, can be found in Appendix C. The student was then screened for 

color vision deficiency. After a reminder of the student's responsibility to return for two 

more sessions, the student was allowed to sign up for the remaining sessions. If students 

were left-handed, they were asked with which hand they preferred to use the mouse. 

As students were escorted to the experimental room, they were offered 

refreshments, shown how to use the mouse (if necessary), instructed to follow the 

directions on the screen, shown the exit questionnaire, and reminded to feel free to ask 

questions if there was something they didn't understand. After these instructions, they 

were left alone to work on the color matching program. The experiment began with an on

line explanation of the program and the color matching task. The first page of the on-line 

instructions introduced the students to the experiment, and explained how long it would 

take and what was expected of them. The second page gave a brief explanation of the 

color space they would be using for the duration of the experiment, and allowed them to 

manipulate the sliders to create some simple colors. The third page gave a description of 

the color matching task and required the participants to complete five practice matches 

before they could move on to the first phase of the experiment. These practice matches 

were conducted on a plain black background so as not to bias the results towards either of 

the two experimental contexts. The on-line instructions were self-paced but did not allow 

the participants to go back to previous pages. They were presented in exactly the same 

manner for all three sessions, and are detailed in Appendix D. 

The first phase of the experiment consisted of 27 matches using a system with 

the combined attributes of that participant's color space, the slider type for that session, 

and one of the two types of context. Each match was started by clicking on a button 

labeled 'start match', and ended by clicking on a button labeled 'match complete'. In this 



manner, participants could rest between matches if they desired. The matches did not have 

a time limit, so that participants could take as long as they wanted for each match. When 

the first phase was completed, a one-minute break was counted down by the computer. 

The participants were asked to remain seated and were allowed to take a longer break if 

they desired. The second phase of the experiment consisted of another 27 color matches 

using a system with the same color space and slider type attributes, but with the other type 

of context. When this phase was completed, the participants were asked to fill out an exit 

questionnaire that consisted of a short quiz (which they were not warned about before the 

first session) and a few questions about their experience with the system (see Appendix 

C). After completing the exit questionnaire, they were free to leave the experimental room 

and drop the questionnaire off with the experimenter. 

If the students had any general questions about the experiment after either of the 

first two sessions, they were deferred until the debriefing period, which took place after 

the third and final session. During the debriefing, students were first asked to speak about 

what they thought were the objectives of the experiment, and to give any comments they 

might have on their experience in the study. They were given a form to keep for reference 

that briefly outlined the purpose of the study and then the experiment was discussed in 

greater detail. The experimental design was explained and they were shown the other two 

color spaces that they did not use. The slider types and contexts were shown side-by-side 

and their differences were discussed. Finally, after the students had the opportunity to ask 

any questions they still had about the study, their participation credit was awarded. 

Apparatus 

The experiment was run on two independent Silicon Graphics 4D/20g Personal 

IRIS computers, with 32MB R A M , running IRIX 4.0.5. Both machines were equipped 

with three-button optical mice (model M4, with mousewarp set to the default of [4, 2.01) 



and 19-inch Hitachi monitors (model CM2086A3SG, manufactured in May 1991). Using 

their hardware gamma correction (both set to 1.7) and individual color controls, the 

monitors were adjusted to appear as visually uniform and as similar to each other as 

possible. The monitors were left on for the duration of the experiment, though a screen-

saver function blackened the screen during periods of non-use. The monitor settings were 

not altered and their behavior is assumed to be constant over the five week experimental 

period. The monitor outputs were individually characterized and the results were used to 

calculate an exact CIE specification for every color displayed on the two monitors. The 

calibration procedure is outlined in Appendix A . 

The experimental room was equipped with overhead incandescent lights that 

provided a low level of ambient illumination of approximately 28 foot-candles (measured 

at eye level in front of both monitors). The two workstations were arranged in cubicles to 

keep the participants visually isolated from each other. The keyboard was placed in its 

normal position in front of the monitor to prohibit relocation of the mouse, and was 

covered to prevent its use. For right-handed people, the mouse and mouse pad were 

located to the right of keyboard. Left-handed people were asked which hand they 

preferred to use. For those with no preference, the mouse was placed on the left side. A 

sketch of the room layout is illustrated in Figure 9. 

The program code was written in C++ (SGI's version 2.1.4 compiler), utilizing 

the SGI graphics library (GL) for drawing and Motif (version 1.2.2, under X11R4) for 

handling the input events. Screen snapshots that illustrate the appearance of the program 

are found in Appendix D. Several aspects of the implementation, which were vital to the 

functioning of the experiment, are discussed below. 

Match Colors 

The rationale for having multiple color matches in each phase of the experiment 



CD 1 
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/ • 
Fig. 9. A schematic drawing of the experimental room. Machine 1 (on the left) is 
shown set up for right-handed use of the mouse, while Machine 2 (on the right) is set up for 
left-handed use. The shaded region indicates cubicle dividers. Refreshments were located 
on a table at the rear of the room. 

was to ensure that the usability measurements would reflect a reliable estimate of each 

participant's average performance with the systems. It was also desirable to use a set of 

colors that were as different from each other as possible, so that performance would not be 

dependent on any over-represented type or quality of color. For simplicity, the colors were 

chosen to be based on an even sampling from the RGB gamut. Three steps in each of the 

red, green and blue dimensions produce the 27 color definitions that are listed in Table I 

(note that the color naming terms used in this table are only approximate, and are used 

only for descriptive purposes). The colors themselves are shown in the top portion of 

Figure 104. These colors are not equally perceptually different from each other, but they 

do represent a wide variety of colors and color components (hue, chroma and intensity). 

4 The reader should be aware that the colors shown in any color figure do not correspond perfectly to the 
colors as they existed on the computer screen. Transfer between computer and print media is far from 
perfect, and the prints themselves may also change appearance over time. 



Fig. 10. The match colors. The set of 27 basic RGB colors are shown as single 
rectangles at the top. The bottom portion shows the range of colors that result from adding 
variability to nine of the colors shown above. The basic color is shown in the center, with 
many of its possible variations arranged around it. 



Table I. The Set of 27 Basic Match Colors 

Color description Red Green Blue 
dark grey 0.1667 0.1667 0.1667 
dark blue 0.1667 0.1667 0.5000 

medium blue 0.1667 0.1667 0.8333 
dark green 0.1667 0.5000 0.1667 
dark cyan 0.1667 0.5000 0.5000 

greenish blue 0.1667 0.5000 0.8333 
medium green 0.1667 0.8333 0.1667 
bluish green 0.1667 0.8333 0.5000 
medium cyan 0.1667 0.8333 0.8333 

dark red 0.5000 0.1667 0.1667 
dark magenta 0.5000 0.1667 0.5000 
reddish blue 0.5000 0.1667 0.8333 
dark yellow 0.5000 0.5000 0.1667 
medium grey 0.5000 0.5000 0.5000 

light blue 0.5000 0.5000 0.8333 
yellowish green 0.5000 0.8333 0.1667 

light green 0.5000 0.8333 0.5000 
light cyan 0.5000 0.8333 0.8333 

medium red 0.8333 0.1667 0.1667 
purple 0.8333 0.1667 0.5000 

medium magenta 0.8333 0.1667 0.8333 
orange 0.8333 0.5000 0.1667 

light red 0.8333 0.5000 0.5000 
light magenta 0.8333 0.5000 0.8333 

medium yellow 0.8333 0.8333 0.1667 
light yellow 0.8333 0.8333 0.5000 
light grey 0.8333 0.8333 0.8333 

The colors listed in Table I will hereafter be referred to as the set of basic RGB 

colors. The actual set of colors presented to a student consisted of variations on these basic 

colors. This variation was incorporated to ensure that none of the test colors were trivially 

matched using systems that employed the RGB space and to increase the effective 

sampling of the RGB gamut. Also, we hoped that more varied colors would help the 

participants avoid the monotony of having to match the same set of colors multiple times. 

For each session, the set of actual match colors was created by randomly "jittering" 

around the 27 basic colors within a distance of plus or minus one-twelfth (+0.0833) for 

each parameter. To give an idea of how this variation appears, the bottom portion of 



Figure 10 illustrates its effect on a few of the basic colors. Using this method, one unique 

set of 27 colors was generated at the start of each session, and this set was used for both 

phases in the session. During each phase, the colors were presented in differing random 

orders. 

Design of the color swatches 

The swatches used to display the standard color and the color being manipulated 

were semicircular in shape to set them apart from the background rectangular pattern. 

They were both 100 pixels in diameter and were separated by an 11-pixel wide gap, with 

the standard test color displayed in the top portion and the manipulated color displayed in 

the bottom portion. The swatches and the background pattern were designed such that the 

gap between the swatches overlapped two differently-colored areas on the background 

(one black and one white for the achromatic, two random colors for the chromatic), so that 

the participant could compare the swatches over two rectangles with different contrasts. 

The pattern of the achromatic background was inverted between each match so that the 

black and white rectangles alternated in position. For the chromatic background, the 

colors were chosen from a set of 26 colors (the 27 basic RGB colors, minus the basic color 

associated with the current test color) and assigned to the grid randomly for each match. 

Screen snapshots that show these details are contained in Appendix D. 

Size of the input elements 

Each slider was 256 pixels long (horizontal dimension) and 25 pixels thick 

(vertical dimension). The thickness of the slider was chosen so that the proportion of 

length to thickness was similar to that for sliders in existing systems (such as those 

discussed in the Background section of this thesis). The length was based on the resolution 

of the RGB gamut of the monitor, which uses 8 bits of information (256 possible levels) 



for each primary color. Thus, for systems that employed the RGB space, there was a 1-to-

1 correspondence between the slider values and the resulting RGB color. This is not to say 

that every increment in the RGB sliders is associated with an equal and perceptible color 

difference. In fact, the RGB space is not perceptually uniform and is quite oversampled in 

some areas of the gamut, containing many more RGB triplets (over 16 million) than the 

total number of colors that humans can discriminate (several hundred thousand). 

The HSV and OPP spaces are also not perceptually uniform. In addition, the 

transformations between these spaces and the RGB space are also non-uniform. Because 

of this, a resolution of 256 for each parameter in these spaces can be too high (many levels 

in the slider correspond to the exact same RGB value) or too low (adjacent levels differ by 

more than one unit in the RGB space, and may also differ by more than one unit in 

perceptual space). The HSV and OPP spaces are especially prone to resolution differences 

when dealing with colors of extreme value or saturation. However, the test colors were 

purposefully kept away from these extremes. Consequently, the lower resolution at these 

levels was not expected to affect the accuracy of the matches. 

It should be stressed that variable resolution and non-uniformity are integral 

qualities of all three color spaces examined in this study, and that a conscious decision was 

made to use color spaces that were alike in this manner, so that differences in this trait 

would not confound results of the experiment. Perceptual uniformity is certainly desirable 

in that it allows for exact mathematical manipulation of a color space, but no research has 

been done to indicate that this trait would be advantageous for interactive color 

specification, or to indicate how important this trait is relative to others. Thus, this quality 

of a space may either enhance or detract from the usability of a color specification system, 

but is not under investigation in this study. 



Rendering style 

For the static and dynamic treatments, the sliders were rendered to vary in color 

horizontally, corresponding to the one-dimensional modification of the parameter levels. It 

should be noted that the static treatment for the saturation slider for the HSV space 

deviated from this style in that it was rendered to also vary in color vertically. This was 

necessary because of the fact that the saturation parameter is linked to hue - a range of 

saturation levels cannot be shown without a hue being chosen. Instead of choosing only 

one arbitrary hue, a full range of hues was used to create a more general instance of a 

static saturation slider. Value was held at the maximum, and the slider was shaded from 

white to full color for a "rainbow" effect, as illustrated in Figure 8. Although this caused 

the slider to look somewhat like a 2D input area, it was not - hue could not be changed by 

moving vertically within the slider. 

Rendering technique 

There are two ways to display colors on the monitor. The first technique involves 

the use of a color map. A color map (also known as a color look-up table, or LUT) is 

essentially a list of colors that is addressed numerically. Every pixel on the screen is 

assigned a L U T value, and the pixels are colored according to the contents of the L U T 

entries. For instance, if L U T value 1077 is assigned the RGB value (100, 56, 210), all 

pixels that have been assigned the number 1077 will be drawn with this purple color. Once 

a L U T value has been assigned to a pixel, the color of the pixel can be modified by 

changing the color contained in the LUT, without having to redraw the screen. However, 

changing the color assigned to a L U T value will change the color of all pixels on the 

screen that have this L U T value. Each pixel that needs to have its own color needs to have 

its own L U T value. The advantage to using color map mode drawing is that you only have 

to perform the computationally expensive rendering routines once, when assigning the 



L U T values. After that, simply changing the color information in the color map will 

update the screen coloring without re-rendering. The disadvantage of this method is that 

the L U T table is of a fixed size. On the SGI Personal Iris, it is limited to 4096 entries. 

Unfortunately, this is insufficient for handling the drawing of the static instance of the 

saturation slider for the HSV space, as its rendering style (as explained above) requires 

6400 (256x25) distinct colors. 

The second technique is true color rendering. Each pixel is directly assigned a 

24-bit RGB color, so that any number of colors can be displayed simultaneously. The 

disadvantage of this method is that each pixel must be redrawn in order to change its color. 

Ideally, double-buffering should be used, so that the rendering is done in the background 

plane. After the rendering is complete, the foreground and background planes are quickly 

swapped, giving the illusion of seamless changing of the colors. Unfortunately, on the 

machines used in this experiment, double-buffering reduces the color resolution to 4-bit. 

This means that each red, green and blue gun can only have 16 levels, rather than 256. The 

output is automatically dithered to increase the apparent color resolution, but it is still not 

acceptable for this experiment. The only solution was to use single-buffered mode 

(rendering directly to the foreground buffer) and to optimize the drawing routines so that 

visual artifacts are minimized. 

Optimization of dynamic rendering 

Because the dynamic sliders are the most complex to render, their drawing 

routines were established first. The coloring of a dynamic slider is calculated by varying 

its parameter from 0 to 255, while holding the other two parameters at their current values. 

Thus, when one of the three parameters is modified, its own slider coloring does not 

change, but the colors in the other two sliders must be updated. For the OPP and HSV 

spaces, every color specified for the two sliders must first be converted to the RGB space 



in order to be displayed on the screen. This means, for every modification of a parameter, 

512 calls to the conversion routine are made. The conversion routines were optimized as 

much as possible, and are listed in Appendix B. Only the routines which convert from the 

OPP and HSV spaces to the RGB space are included in this appendix. The reverse 

algorithms (converting from the RGB space to either the OPP or HSV space) were not 

needed by the experiment program or by the data analysis routines. These algorithms are 

documented in [27] (for the OPP space) and [22] (for the HSV space). 

Equalization of rendering speed 

The slider drawing routine was optimized so that the dynamic sliders would be 

drawn as efficiently as possible. On the computers used for the study, the rendering speed 

was entirely adequate for continuous interactivity with the system, and resulted in almost 

no perceptual delays or inconsistencies in their appearance. However, because the static 

and plain sliders do not require constant rendering, there was a slight discernible 

difference between these types of sliders and the dynamic sliders. To be absolutely certain 

that any effect of slider type would not be confounded by rendering speed, steps were 

taken to ensure that the speeds would be even across all treatments. 

The static and plain sliders were modified to be updated by a method that was 

practically identical to the dynamic slider rendering method, except that the line was never 

actually drawn to the screen. A l l color conversions and other graphics commands were 

carried out exactly the same. After the false rendering, the sliders were very quickly 

updated by drawing stored arrays of colors to the screen. These stored arrays were created 

at the beginning of the program, as a plain white rectangle for the plain sliders, and as 

appropriately shaded rectangles for the static sliders. In a similar way, it was also 

necessary to ensure that RGB-based systems did not gain any speed advantage because of 

the fact that the RGB space does not require any color conversion. To accomplish this, the 



RGB drawing routines were required to call a pseudo-transformation function. This 

function was modeled after the HSV-to-RGB transformation so that it would require the 

same amount of processing. 

Data Collection 

The program continuously recorded information about every event as it occurred 

during each session. The events were generated by a person's use of the mouse when 

interacting with the program, and consisted of three distinct types of actions: button 

depression, button release, and mouse motion. A l l three mouse buttons behaved in exactly 

the same manner, and the participants were free to use whichever button they felt most 

comfortable with. The time resolution for the motion events (generated continuously as 

the mouse was moved while a mouse button was depressed) was approximately 0.02 

seconds. Every slider manipulation event was recorded as a set of information containing 

the time, the slider identity, and the slider's current value. The program also recorded 

information about the time spent on each instruction page, and the start time, end time, 

and test color for each match. The data files were created in binary form to conserve disk 

space. Each event required five bytes, and the files averaged about 87 Kilobytes in size. 

The two phases in each session were kept in the same file, resulting in three data files for 

each participant. 

A preliminary data visualization program was developed to view the data, in 

order to make sure the color matching program was working correctly. For each match in 

a file, this program effectively recreated every step taken during the match by displaying 

the events as a graph of the three parameter levels over time. The program also calculated 

overall color error at each time step, and displayed a record of this error in conjunction 

with the changing parameter levels. Visualizing individual matches had the added benefit 

of offering insight into matching "styles" and specific matching phenomena. The 



following series of figures are taken from actual match data generated during the 

experiment, and can be used to illustrate typical matching behaviors. In all the figures, the 

x-axis represents match time. Error for each of the three parameters is shown in the top 

half of the graph, while overall color error is shown in the bottom half. The colored circle 

shows the match color on the top, with the student's final color on the bottom5. The 

colored band below the graph illustrates the appearance of the student's color as the match 

proceeded. 

The match in Figure 11a is representative of a typical color match. Total match 

time was approximately 45 seconds, and the final color error was quite low. The record 

shows that this person was very interactive with the system. The first parameter to be 

changed (the dashed line) was manipulated a total of eight times, while the second 

parameter (the solid line) was modified a total of six times, and the third parameter (the 

dotted line) was modified a total of four times. The angled slopes of the parameter lines 

indicate that the sliders were manipulated primarily by "dragging" rather than "clicking". 

Figure 1 lb illustrates the "clicking" method of interaction. Instead of dragging 

the slider handle to gradually change a color parameter, this person clicked on the slider at 

small incremental distances away from the handle. It seems that, at least in this match, the 

minimum step size (approximately 20 pixels) was too large to allow for very accurate 

parameter manipulation. Switching to a dragging technique may have been helpful to 

refine the color further. 

Figure 12a shows an extremely simple and quick match. In this match, the 

person manipulated two of the parameters with just three events, adjusting one parameter 

with a single click on the slider, and moving the other with two clicks. The third parameter 

was not changed at all, and the entire match took only about seven seconds. 

Figure 12b illustrates the somewhat non-intuitive fact that decreasing the error 

5 In these graphs, the colors are shown adjacent to each other in order to facilitate comparison. They were 
separated by a gap in the actual experiment. See Appendix D for screen layouts of the experiment program. 



Time (5-second increments) 
(a) 

Time (5-second increments) 

(b) 

Fig. 11, Two example color matches. These matches illustrate predominant use of the 
two basic manipulation techniques: sliding (a) and clicking (b). The horizontal axis is time, 
marked in 5-second increments. The vertical axis is error, with the top set of lines 
representing the color space parameters, and the lower line representing overall color. 



Time (5-second increments) 
(c) 

Fig. 12. Three example color matches. These matches illustrate one relatively simple 
match (a), and two relatively difficult matches (b) and (c). The horizontal axis is time, 
marked in 5-second increments. The vertical axis is error, with the top set of lines 
representing the color space parameters, and the lower line representing overall color. 



for one parameter does not necessarily decrease the overall color error, and may even 

increase the error, depending on the values of the other two parameters. In this case, the 

student was using the RGB space to create a light greyish color. The difference between 

this color and the starting medium grey color resulted in a relatively low initial color error. 

The student first increased the level of the green parameter (actually coming very close to 

its correct value), producing a bright green color that was twice as far (in terms of overall 

color error) from the match color as the initial medium grey had been. Possibly realizing 

this, the student reset the green parameter to its original value. She then manipulated the 

red slider, but both increasing and decreasing the red value only served to increase overall 

color error again. She then tried the same approach with the blue slider, with the same 

result. She eventually did increase the levels of all three parameters in order to create a 

lighter grey color, but her final color error was still rather large. 

Figure 12c shows how an incorrect adjustment of one parameter can reverse the 

convergence process. When this occurs, manipulations of the other two parameters can 

only slightly decrease the color error, and the original faulty adjustment must be corrected 

before convergence can continue. In this case, the student was using the HSV space to 

create a deep purple color. About seven seconds into the match, she increased value 

(represented by the dotted line) by a large amount. For another twenty seconds, she 

manipulated hue and saturation in various ways without lowering the overall color error. 

Only by decreasing the value parameter to its original level was she able to resume 

convergence to the correct color. 

Figure 13a illustrates an interesting phenomenon - this person was apparently 

"playing" with a slider by moving it rapidly back and forth for several seconds. This 

activity was especially common during the first sessions with the dynamic sliders, when 

the students would experiment with the system by watching how the colors would change 

inside the sliders. In this particular match, the parameter changes happened to not 



Time (5-second increments) 
(a) 

Time (5-second increments) 
(b) 

Fig. 13. Two non-typical color matches. The horizontal axis is time, marked in 5-second 
increments. The vertical axis is error, with the top set of lines representing the color space 
parameters, and the lower line representing overall color. Match (a) shows a subject 
"playing" with the sliders, while match (b) illustrates an unusual matching pattern. 



significantly affect the overall color error. However, this behavior can just as easily cause 

wide fluctuations in color error in other circumstances. 

Not all matching behaviors can be easily explained. The match shown in Figure 

13b demonstrates this concept with an unusual matching pattern. In this instance, the 

student was using the HSV space to create a medium orange color. She first manipulated 

the hue (represented by the solid line) of the unsaturated test color. This had no visible 

effect on the appearance of the color (it remained at the initial medium grey, as reflected 

by the unchanged color band), and yet the new hue value was almost perfect. After about a 

fifteen-second pause, she went on to change the value of the color, and then its saturation 

(finally revealing its hue). This behavior could be attributed to the color information 

provided by the static or dynamic sliders, if she had been using them. It might also be 

attributed to experience with the color space. However, this was only the seventeenth 

match for this person, in her first session, and she was using plain sliders. The hue was 

also not located at either extreme of the slider. This pattern was not repeated in her other 

matches, so the degree of accuracy in the initial hue manipulation is probably best 

attributed to luck. 



RESULTS 

Participant Characteristics 

Information was gathered about characteristics of the participants to determine if 

there were any inherent differences between the groupings. It was hoped that, if any effect 

of gender or subject pool were found, these characteristics might help to explain its origin. 

Also, knowing whether, and how, such traits can affect a person's interaction with a color 

specification system might give clues about how to customize system designs for different 

populations. 

Before the first session, the students completed a questionnaire (contained in 

Appendix C) that asked them to indicate their age and their level of experience with 

different aspects of interactive color specification. They were asked to choose one of four 

statements that best described their level of familiarity with computer use in general, using 

the mouse as an input device, using color in any form of media, and using color on the 

computer. The statements were ranked from 0 (no experience) to 3 (very experienced). At 

the end of the experiment, the students completed a Color Vision Screening Inventory 

self-evaluation of color discrimination ability (adapted from [5], page 209). The inventory 

consisted of ten questions that asked the students to estimate their difficulties with certain 

color discrimination tasks. Each question was scored on a scale from 0 (never a problem) 

to 4 (always a problem), resulting in total scores from 0 to 40. 

A summary of the characteristics and inventory scores, averaged for each 

grouping of participants (by gender and subject pool) is presented in Table II. Analysis 

revealed no significant difference between the groupings in terms of general computer 

experience, mouse experience, or computer color experience. However, the architecture 

students reported significantly more experience with color than the psychology students, 

F( 1,72)= 15.263, /?<.001, and the females had significantly better color vision inventory 



scores than the males, F(l,72)=4.840, p<.05. Also, the psychology students were younger 

than the architecture students, F(l,72)=22.692, p<.001, and the females were younger 

than the males, F( 1,72)=13.030, /?<.001. There were no significant two-way interactions 

between gender and subject pool. 

Table II. Participant Characteristics 

Participant 
Group n Age Experience 

w/ Computers 
Experience 
w/ Mouse 

Experience 
w/ Color 

Experience w/ 
Computer Color 

Vision 
Inventory 

All 76 19.921 2.276 2.553 1.066 0.500 3.658 
(2.359) (0.665) (0.719) (0.929) (0.825) (3.621) 

Architecture 36 21.083 2.194 2.444 1.472 0.556 3.806 
(2.430) (0.624) (0.773) (0.971) (0.843) (3.756) 

Psychology 40 18.875 2.350 2.650 0.700 0.450 3.525 Psychology 
(1.742) (0.700) (0.662) (0.723) (0.815) (3.537) 

Female 38 19.079 2.132 2.500 1.026 0.342 2.763 
(1.402) (0.665) (0.688) (1.026) (0.708) (3.340) 

Male 38 20.763 2.421 2.605 1.105 0.658 4.553 
(2.804) (0.642) (0.755) (0.831) (0.909) (3.710) 

Arch, Female 17 19.882 2.059 2.471 1.529 0.471 2.588 
(1.166) (0.556) (0.624) (1.125) (0.717) (3.203) 

Arch, Male 19 22.158 2.316 2.421 1.421 0.632 4.895 Arch, Male 
(2.774) (0.671) (0.902) (0.838) (0.955) (3.957) 

Psych, Female 21 18.429 2.190 2.524 0.619 0.238 2.905 Psych, Female 
(1.248) (0.750) (0.750) (0.740) (0.700) (3.520) 

Psych, Male 19 19.368 2.526 2.789 0.789 0.684 4.211 Psych, Male 
(2.087) (0.612) (0.535) (0.713) (0.885) (3.521) 

NOTE: Standard deviations are indicated in parentheses. 

Data Analysis Procedure 

In each of the two phases for each session of the experiment, a participant used a 

particular system (as characterized by the attributes of color space, slider type, and 

context) to perform 27 color matches. During each color match, the slider activity was 

recorded in a data file that could be used to reconstruct the color matching performance. 

After the experiment was completed, these data files were analyzed to yield a series of 

color specification system usability measurements for each individual match. For each 

measurement of interest, the results for all valid matches within a phase were averaged. 



This single value represents the overall typical value for that measurement of the person's 

performance in that phase of the experiment. 

Averaging methods were chosen based on the distribution of individual match 

values for a given measure. For each measure, distributions for several randomly selected 

data sets were inspected. If the data tended to be normally distributed, the arithmetic mean 

was used as the typical value. If the data tended to be positively skewed, the geometric 

mean was used instead, to give a more representative typical value. To calculate the 

geometric mean, the natural logs of the values for all valid matches were added together, 

the sum was arithmetically averaged, and the inverse log of this average taken6. 

Not all matches were included in the averaging procedure. Because the medium 

grey match color was so close to the color corresponding to the initial slider settings, the 

final color error was often higher than the initial color error. This made these matches 

more like a specialized task in which there was no convergence needed. This lack of 

convergence, and the low (or even negative) difference between the final and starting 

color error also interfered with the calculation of some other measurements, which will be 

discussed later in this section. Because of this obvious peculiarity, we chose to exclude 

middle grey matches from all calculations. 

Secondly, a programming oversight caused errors in a few matches on the first 

day of testing. Some people double-clicked on the "new match" button, which the 

program translated into one single click on that button, plus another single click on the 

"match complete" button, effectively completely skipping a match. Because there was no 

mechanism to return to a match, these matches were invalidated and were excluded from 

the analysis. The program was corrected as soon as the error was detected, and only a total 

6 In using this method to calculate the geometric mean for the accuracy measurements, errors will arise for 
values of zero, for which the natural log is undefined. To avoid this problem, error measures were clamped 
to a value that corresponded to the smallest non-zero value for that measurement found among all other 
match data in the experiment. For example, for a match that had a color error of exactly zero, the error would 
be clamped to 0.1768, the lowest non-zero calculated color error among all matches. This situation only 
occurs for exact matches, of which there was only one in the entire experiment. 



of three matches were lost (for two participants). 

Lastly, a related problem arose when participants would click on the "match 

complete" button accidently or prematurely. One or two people noted this after their 

sessions, but there was no way to determine which of their matches was in error. In light of 

this, matches that had an increase in color error were assumed to be mistakes and were 

also excluded from the analysis. A total of nine matches (for eight participants) were 

excluded in this manner. After these three exclusion categories were considered, the 

majority (446) of the data sets contained 26 matches. Nine sets consisted of 25 matches 

and one set consisted of 24 matches. 

Measurement Definitions 

The measures extracted from the match data were chosen to be indicative of 

three key aspects of usability: speed (match time), accuracy (hue, chroma, intensity, and 

overall color errors), and physical effort (slider access and time). In addition, we devised a 

new method for condensing match data into an estimate of general color matching 

behavior, which we call the Standardized Performance Trajectory (SPT). The SPT results 

were then analyzed to yield a measure of convergence, which is indicative of a fourth key 

aspect of usability: the nebulous "ease of use". Subjective measurements of comfort and 

preference were also collected in the form of exit questionnaires filled out after every 

session. Each measure was derived as follows: 

Match Time 

The total time taken for a match is defined as the time between when the "new 

match" button is clicked to start the match and when the "match complete" button is 

clicked to end the match. Distributions of match times for several randomly selected sets 

of data indicated that this measure tended to be positively skewed, and the geometric 



mean was used to calculate its average. 

Color Error 

Color error is defined as the distance between the test color and the student's 

final color in the CIE L*u*v* space. This space was chosen because it is an approximately 

perceptually uniform transformation of the CIE space that is most widely recommended 

for use with emitted light sources. The units for color difference in the CIE L*u*v* space 

are also known as JNDs (for "just noticeable differences") [25]. This unit is related to the 

empirical basis for the space, and its perceptual uniformity. Under an ideal and controlled 

viewing situation, an average person can just detect a difference between any two colors 

that are one unit apart in this space. 

To calculate color error, both colors are first converted to the CIE X Y Z space (as 

explained in the calibration procedure found in Appendix A), and then to the CIE L*u*v* 

space, using the transformation functions listed in Appendix B . Once concerted to this 

space, color error is defined as the euclidean distance between the test color (L* t u* t v* t) 

and the student's final color (L* s u* s v* s), as calculated with the following equation: 

AColor = J(L*t-L*s)2+ (u* t -u* s ) 2 + ( v * t - v * s ) 2 

Color error was also found to be positively skewed, and the geometric mean was used to 

calculate the most representative value for this measure. 

Color Component Error 

The CIE L*u*v* specifications of the test color and the student's final color can 

be transformed to yield the intensity, hue, and chroma components of each color. The 

equations for these calculations are: 



Intensity = L * 

Hue = atan^J 

Chroma = J(u*)2+ (v*) 2 

Thus, the units of hue are degrees, while the units of intensity and chroma are JNDs. For 

each color component, the error is then calculated as the difference between the values for 

the test color and the student's final color. Calculated in this manner, the color component 

errors for a single match can be either positive or negative. For the hue component, the 

direction of the error is unimportant - it does not make sense to state that the error was 

"clockwise" or "counter-clockwise." However, direction of error is integral to the other 

component measurements. The sign of the intensity error indicates whether the final color 

was too dark or too light, while the sign of the chroma error indicates whether it was 

under-saturated or over-saturated. 

Assuming that the average of the signed color component errors would be near 

zero, we chose to use the magnitude (absolute value) of color component error as a more 

significant indication of a color specification system's usability. For the sake of 

completeness, the signed color component error measurements were computed and 

included with the rest of the data in Appendix E. Examining the distributions for these 

signed measures for several randomly selected sets of match data showed that they did 

indeed tend to be normally distributed around zero, and the arithmetic mean was used to 

calculate their averages. For each measure of absolute color component error, the 

distribution of match values tended to be positively skewed, and the geometric mean was 

used to calculate their averages. These were the color component error values used in the 

final analysis. 

In addition, an alternative method for calculating hue error, as used in [20], was 

explored, but not used in the analysis. This method assumes that, because color error 



should theoretically be equal to the sum of the three color component errors, hue error can 

be considered to be whatever color error is not accounted for by the errors in chroma and 

intensity (in absolute values). In this way, the hue error is calculated by the following 

equation: 

AHue = AColor - AChroma- AIntensity 

This method yields results that correlate roughly with the results from the angular method 

for calculating hue error (absolute value). This measure was not used in the analysis 

because we felt that the angular hue error calculation was the more widely accepted 

method. This alternative measure of hue error was calculated using the geometric mean, 

and is included along with the other data in Appendix E. 

Physical Measures 

The interaction of the participant with the system was examined for indications 

of the physical effort expended while performing a color match. Slider access is defined as 

the total number of times the three parameter sliders were clicked during a match. Every 

mouse button depression counted as one access event, regardless of whether it initiated a 

dragging motion or was only a simple click. Slider time is defined as the total amount of 

time the mouse button was depressed during a match, whether the mouse was moving or 

not. Both of these measures had a tendency to be positively skewed, and the geometric 

mean was used to calculate their averages. 

Measurement Variability 

For each of the measurements defined above, the standard deviation of the match 

data was calculated along with the average. These data are included with their 

corresponding measures in Appendix E, but were not included in the analysis. 



Convergence 

In [20], the authors examined the issue of convergence and refinement during the 

color specification process. For each match, they recorded the times at which various 

thresholds of color difference were first crossed. They then analyzed these times to 

indicate how a system facilitated or hindered convergence. The reliability of this method 

for measuring convergence is questionable when one considers the high frequency 

variations in color error that can occur during a single color match (as illustrated in the 

example matches depicted in Figures 11-13). In this study, we attempted to devise a new 

method for calculating a measure of convergence that is less subject to this variability. 

To this end, we created a method for generating, for a given set of color matches, 

a curve that describes a person's typical matching behavior, which we call the 

Standardized Performance Trajectory, or SPT. The SPT curve represents a person's 

average performance over a set of normalized color matches. To generate the SPT curve, 

each match is first normalized according to final match time and initial error (either overall 

color error, or error for one of the color components). Then, each normalized match is 

regularly sampled over time (we used 100 steps). Finally, the normalized errors are 

averaged, using the arithmetic mean, across all matches at each time step. In this manner, 

separate SPT curves can be generated for overall color, and for each of the component 

hue, chroma and intensity errors. The resulting curves represents how a person, on 

average, proceeds from the starting level of error to their final level of error, regardless of 

how different the colors initially appeared or how long the matches took. 

When calculating the color component SPT curves, additional criteria were 

applied in order to exclude certain problematic matches from the average. The set of test 

colors we chose (excluding the middle grey color) effectively constrained initial color 

error to be within a given range (effectively 23-157 JND). There was no similar constraint 

on the initial color component errors. Initial hue error ranged from 0 to 180 degrees, initial 



chroma error ranged from 0 to 123 JND, and initial intensity error ranged from 0 to 57 

JND. As mentioned before, matches with very low starting errors are essentially different 

tasks, in which no convergence is required. To eliminate these types of matches from the 

color component SPT calculation, we applied a cut-off that mirrored the effective color 

error cut-off. Because the minimal initial color error was approximately 15% of the 

maximum initial color error, we applied this same criteria to the initial color component 

errors. Thus, we excluded those matches that had an initial hue error of less than 27 

degrees, those that had an initial chroma error of less than 18.5 JND, and those that had an 

initial intensity error of less than 8.5 JND. Exclusion was only with respect to the 

associated color component. For instance, a match that was excluded from the hue SPT 

calculation was not neccessarily excluded from the chroma SPT calculation. In this 

manner, the average number of matches used to calculate the SPT curve for each 

component was 19.89 for hue, 22.61 for chroma, and 18.19 for intensity (compared to 

25.98 matches for overall color). 

Initially, we considered normalizing the error according to the difference 

between the initial and final color errors (rather than just the initial error). Using this 

approach, the curve would be constrained to have unit error at time zero, and zero error at 

unit time. This would tend to make the SPT curve reflect how a person converges to their 

idea of a match, rather than how the person converges to a true match. However, it should 

be noted that we did investigate this alternative method, and the results it produced were 

only slightly different from the results generated by the chosen method. 

Four example SPT curves for overall color error, which were generated from 

actual data sets in this study, are shown in Figure 14. The top two curves show the typical 

shape of the SPT, beginning with an average normalized color error of 1 and decreasing 

exponentially over unit time to the final average normalized color error. Examining the 

curves, it is apparent that these students were able to converge relatively quickly to rough 



Fig. 14. Four example Standardized Performance Trajectory curves (for color error), (a) 
A pattern with good convergence and little variability, (b) A pattern with good convergence 
and greater variability, (c) A pattern with approximately linear shape, (d) A pattern with 
negative convergence. 

approximations of the match colors, and that their convergence gradually tapered off as 

they worked at refining the colors. Though these two curves have roughly the same shape, 

they exhibit different levels of variability. The curve on the left is smoother, indicating 

more consistent matching behavior. 

The two graphs at the bottom of Figure 14 display curves that do not follow the 

expected convergence and refinement pattern. They do, however, follow the shape of a 

power function, as the top graphs do. A l l of the SPT curves generated from the match data 

exhibited this character, suggesting that the slope of a power function fit to the SPT curve 

can be used as an indication of convergence. For each SPT curve, we fit a power function 



of the form: 

y = 1 - A x B 

The coefficient A value roughly correlates to the average normalized error, while the 

exponent B value describes the shape of the curve. B-values less than one indicate a 

concave-up shape: relatively quick convergence and a proportionately longer refinement 

stage. B-values greater than one indicate a concave-down shape: relatively slow 

convergence, and a proportionately shorter refinement stage. 

SPT curves for color, hue, chroma and intensity errors (with their exponential 

curve fits) are contained in Appendix F. The B-values for the fitted curves are contained in 

Appendix E. The A-values are also contained in Appendix E, but were not included in the 

analysis. 

Quiz Scores 

After each session, the participants were asked to fill out an exit questionnaire 

that began with a short quiz. The quiz was an off-line color matching exercise similar to 

the on-line exercise, and was intended as a simple test to give an indication of whether the 

participants understood the functioning of the system enough to recall how the system 

worked to create colors. The quiz was delivered on paper, and consisted of eight color 

swatches, with a trio of sliders next to each swatch. The sliders were drawn as plain 

rectangles, and the students were instructed to mark the sliders to indicate what level the 

parameters should be to create the given color. The eight colors were chosen to be 

approximations of the basic RGB colors, roughly red, green, blue, yellow, magenta, cyan, 

dark grey and light grey. They were randomly ordered on the paper. 

The "correct" answers were obtained by having two experienced users (the 

author and a computer graphics professor) estimate the color specifications in each color 

space. The two estimates were averaged to create the quiz key. This "expert" scoring 



procedure was used because these values are only estimates, and because colors do not 

translate perfectly from computer to paper. Each slider was divided into thirds, with the 

estimated correct level located in the center of one segment. Each quiz was then evaluated 

to determine the percentage of sliders that were marked within the correct range for their 

given color and parameter (24 sliders in all). Thus, with this evaluation method, a student 

who was completely guessing would be expected to score around 30%. Note that, for the 

HSV space, the hue parameter for the grey matches had no correct parameter value (any 

hue would be equally valid). The hue values for these two colors were discarded for 

people using the HSV space, and their score was based on the percentage correct of the 

remaining parameters (22 total). Interestingly, some people colored the sliders in from the 

left edge up to the desired level, as if they were level indicators instead of sliders. Some 

students apparently misunderstood the directions for the quiz. Two students put check 

marks and another put the words "yes" and "no" to indicate which sliders they would use, 

rather than marking the sliders at any particular level. The quiz results for these students 

were not included in the analysis. 

Comfort and Preference 

The exit questionnaire also asked the participants various questions about their 

experience with the system they had just used. The first question asked them to choose one 

of three statements that they felt best described their level of understanding of the system. 

The choices were: "I never did quite understand how the system worked, and relied 

mostly on trial and error."; "I think I understood how the system worked, but I could not 

always predict how colors would change when I adjusted the value of a property. 

Sometimes the system would not behave the way I expected."; "I understood the system 

very well. I could predict how the color would change when I adjusted the properties and I 

felt very comfortable using the system to make colors." The responses were analyzed to 



determine which system (in terms of color space and slider type only, as both types of 

context were used in each session) was subjectively easiest to understand and use. 

After the second and third sessions, the participants were also asked to compare 

the system they had just used to the system(s) they had used previously. They were asked 

to describe any differences they had noticed between the systems, and they were asked 

which system they preferred and why. Their comments did not always give clear cut 

answers to the questions, but they were each evaluated to yield categorical data for 

whether or not they noticed the slider differences (yes, no, no answer, or unclear answer), 

and which system they preferred (one, two, three, or no preference). Occasionally, a 

person would note a difference between the systems, but not have a preference. Often, a 

person could not recall any difference between the systems, but would still indicate a 

preference. In some cases, people would contradict themselves by stating that, between 

the last two systems, they preferred one of the two, while between all three systems, they 

preferred the other of the two. Interestingly, a few people noted that they preferred 

systems that they were less comfortable with, because they felt that they were "more 

challenging". 

Statistical Methods 

A l l measures were analyzed using the SuperANOVA™ statistical analysis 

software. The color space attribute was treated as a between-subjects variable, while slider 

type and context were treated as within-subjects variables. A standard analysis of variance 

model was used to test for significant effects of these treatment variables, and for the 

blocking variables of gender and subject pool. 

Treatment Effects 

This section presents all significant effects for each of the treatment variables 



and for the interactions between them. In the text, the level of significance is .05 unless 

otherwise noted. For each usability measure taken from the match data, graphs of the main 

effects and the effects of the two-way interactions between the treatment variables are 

included. As a reference, the grand mean for each measure is displayed as a dotted line 

behind each of its graphs. Those effects that were significant are discussed in the text and 

significance levels are indicated within their graphs. The pattern of the significant main 

effects are also indicated on their graphs. The implications of these results will be 

considered in the Discussion section of this thesis. Means and standard deviations for all 

significant effects are found in Appendix G. Several higher order interactions were 

significant, but could not readily be explained in context of the experimental hypotheses, 

or in relation to other simpler effects. The graphs for these interactions are located in 

Appendix H . 

Match Time 

The effects of the treatment variables on match time are shown in Figure 15. 

Across all treatments, average match time was 29.48 seconds. Slider type had an effect on 

match time, F(2,128)=3.549, with plain sliders leading to significantly slower matches 

(M=31.30s) than both the static sliders (M=28.36s) and dynamic sliders (M=28.78s). 

Context also had an effect, F(l,64)=5.246, with the achromatic (black and white) context 

leading to slower matches (M=30.36s) than the chromatic (multi-colored) context 

(M=28.59s). 

Color space had no effect on match time, and there were no significant 

interactions between the treatment variables. Gender and subject pool also had no 

significant effect on match time. 
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Color Error 

The results for color error are shown in Figure 16. Across all treatments, average 

color error was approximately 8.80 JND. This error is obviously larger than the standard 

"just noticeable difference" found in highly controlled discrimination experiments. A 

large portion of the error is probably due to the fact that the color samples were separated 

by an appreciable gap, and by the fact that we did not require the participants to match the 

colors perfectly. 

Slider type had a strong effect on color error, F(2,128)=5.516, p<.0l, with 

dynamic sliders leading to lower color errors (M=8.35jnd) than either the plain 

(M=9.03jnd) or the static sliders (M=9.01jnd). Context had a highly significant effect on 

color error, with the achromatic context leading to lower error (Af=8.22jnd) than the 

chromatic context (m=9.37jnd), F(l,64)=89.941,/?<.001. Color error was not significantly 

affected by color space. 

Color error was also affected by two-way interactions between the treatment 

variables. Context interacted with slider type, F(2,128)=3.286, in that the effect of context 

appeared to be more pronounced when plain sliders were used, such that the effect of 

slider type changed, depending on the context. Whereas, overall, the dynamic sliders were 

better than both the plain and static sliders, the dynamic sliders were only better than the 

plain sliders in the chromatic context, while the dynamic sliders were only better that the 

static sliders in the achromatic context. Context also interacted with color space, 

F(2,64)=4.879, in that the effect of context, relative to the OPP space, appeared to be 

enhanced when the HSV space was used, and attenuated when the RGB space was used. 

There was color space by slider type interaction. There was a complex three-way 

interaction between all treatment variables, F(4,128)=3.003, which is included in 

Appendix H . 

Color error was also affected by the participant characteristics. As shown in 
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Figure 17, there was a significant interaction between gender and subject pool, 

F(l,64)=4.042. Males tended to respond similarly, regardless of their major, while the 

female architecture students had significantly lower color error (Af=7.58jnd) than the 

female psychology students (M=9.82jnd). There was also an interaction between gender 

and context, F(l,64)=5.521, in that males tended to show a stronger effect of context than 

females. There was also a significant interaction between subject pool and slider type, 

F(2,128)=5.647, p<.0\, in that the plain and static slider types did not lead to significantly 

higher color error for the architecture students as they did for the psychology students. 

There was also a complex interaction between subject pool, context, and color space, 

F(2,64)=4.418, in that the two-way interaction of color space and context (described 



above) can be attributed mostly to the psychology students. The graph for this interaction 

is contained in Appendix H. 

Hue Error 

The results for hue error are shown in Figure 18. Across all treatments, average 

hue error was 2.68 degrees. Context had a highly significant effect on hue error, 

F( 1,64)=176.502, p<.001, with the achromatic context leading to lower hue error (M=2.27 

degrees) than the chromatic context (M=3.09 degrees). No other treatment variables had 

an effect on hue error. 

There were several effects of participant characteristics on hue error, as shown in 

Figure 19. Context interacted with gender, F(l,64)=4.879, in that the effect of context 

seemed more pronounced for the males, and less pronounced for the females. There was 

also a strong effect of the interaction between slider type and subject pool, 

F(2,128)=6.327, p<.0l, in that while there was no effect for slider type for the architecture 

students, the psychology students had less hue error when using the dynamic sliders. 

There was also a very complex interaction between slider type, color space, gender, and 

subject pool, F(4,128)=2.504, which is included in Appendix H. 

Chroma Error 

The results for chroma error are shown in Figure 20. Average chroma error 

across all treatments was 4.894 units in the CIE L*u*v* space. There was an effect of 

slider type, F(2,64)=4.292 with dynamic sliders leading to lower chroma error 

(M=4.65jnd) than the static sliders (M=5.11jnd), though the plain sliders (Af=4.92jnd) 

were not significantly different from the other two slider types. There was also a highly 

significant effect of context, F(l,64)=39.602,/?<.001, with the achromatic context leading 

to lower chroma error (M=4.60) than the chromatic context (M=5.19). 



Fig. 18. Effects of treatment variables on hue error, (a) Effect of color space, (b) Effect 
of slider type, (c) Effect of context, (d) Effect of the interaction between slider type and 
context, (e) Effect of the interaction between color space and context, (f) Effect of the 
interaction between slider type and color space. 
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Fig. 19. Effects of participant characteristics on hue error, (a) Effect of the interaction 
between gender and context, (b) Effect of the interaction between subject pool and slider 
type. 

There were several effects of participant characteristics on chroma error, as 

shown in Figure 21. There was a significant interaction between gender and subject pool, 

F(l,64)=4.537. Males tended to have similar degrees of chroma error, regardless of their 

major, while the female architecture students had significantly lower chroma error 

(M=4.19jnd) than the female psychology students (M=5.50jnd). There was also a 

significant interaction between slider type and gender, F(2,64)=3.446, in that the effect of 

slider type depended on gender. For females, dynamic sliders led to smaller chroma errors 

than both plain and static sliders, and for males, there was no difference between any of 

the slider types. There was also complex interaction between context, color space, and 

subject pool, F(2,64)=5.266,Jp<.01, which is included in Appendix H . 

Intensity Error 

The results for intensity error are shown in Figure 22. Over all the treatments, the 

average intensity error was 1.597 units in the CIE L*u*v* space. There was a strong effect 

for slider type, F(2,64)=5.262,p<.01, in that the plain sliders led to greater intensity error 

(M=1.70jnd) than either the static (Af=1.58jnd) or dynamic sliders (M=1.52jnd). There 
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and slider type. 

was also a highly significant effect of context, F(l,64)=81.138, /?<.001, in that the 

chromatic context led to lower intensity error (1.38jnd) than the achromatic context 

(1.81jnd). There was also an interaction between context and color space, F(2,64)=4.168, 

such that the effect of context was greater when the RGB space was used than when the 

HSV space was used. There were no effects of gender or subject pool. 

Slider Access 

The results for slider access are shown in Figure 23. Over all the treatments, the 

average number of slider accesses (how many times a person pressed down on the mouse) 

per match was 8.58. There was a highly significant effect of context, F(l,64)=30.631, 

p<.001, with the achromatic context leading to more slider accesses (M=9.08) than the 

chromatic context (M=8.09). There was also a significant complex interaction of context, 

color space, and subject pool, F(2,64)=5.101, p<.0\, which is contained in Appendix H . 

Slider Time 

The results for slider time are shown in Figure 24. Over all the treatments, the 
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Fig. 25. Effect of gender on slider time. 

average slider time (time spent with the mouse button depressed) was 14.24 seconds, a 

little less than half the average match time. There was a highly significant effect of slider 

type, F(2,128)=8.008, p<.001, with plain sliders leading to more slider time (M=15.82s) 

than either static (M= 14.05s) or dynamic sliders (M= 13.45s), As shown in Figure 25, 

gender also had an effect on slider time, F(l,64)=5.145, with males having more slider 

time (M=16.36s) than females (M=12.11s). 

Color Convergence 

The results for color convergence are shown in Figure 26. Across all treatments, 

the average convergence value was 0.496. For this measure, there was a strong effect of 

color space, F(2,64)=6.815, /?<.01, with the OPP space leading to greater convergence 

(M=0.401) than either the RGB space (M=0.543) or the HSV space (M=0.550). There was 

also a highly significant effect of slider type, F(2,128)=20.949, /?<.001, with dynamic 

sliders leading to greater convergence (M=0.420) than the static sliders (M=0.492), which 

had greater convergence than the plain sliders (M=0.578). There was also a highly 

significant effect of context, F( 1,64)= 18.396, /?<.001, in that achromatic context led to 

greater convergence (M=0.474) than the chromatic context (M=0.519). 
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There was also a highly significant interaction between slider type and color 

space, F(4,128)=8.556, /?<.001. This interaction appears to stem from how slider type 

modified the effect of color space. Static sliders improved color convergence for the HSV 

space, while the dynamic sliders improved color convergence for the RGB space. 

However, the interaction could also be attributed to how color space modified the effect of 

slider type. The OPP space eliminated the effect of slider type, while the RGB space 

changed the pattern so that static sliders were not any better than plain, and HSV changed 

the pattern so that dynamic sliders were not any better than plain. Overall, this interaction 

suggests that using the RGB space with static sliders, or using the HSV space with 

dynamic sliders, resulted in less color convergence than would be expected, given the 

simple effects. 

Hue Convergence 

The results for hue convergence are shown in Figure 27. Across all treatments 

the average convergence was 0.294. There was an effect of color space, F(2,64)=4.838, 

with the OPP space leading to greater convergence (M=0.235) than either the RGB 

(M=0.311) or HSV (M=0.335) spaces. There was also a highly significant effect of slider 

type, F(2,128)=9.925, p<.001, with dynamic sliders leading to greater convergence 

(M=0.240) than the static sliders (Af=0.298), which lead to greater convergence that the 

plain sliders (M=0.342). There was also a highly significant effect of context, 

F(l,64)=23.202, /?<.001, with achromatic context leading to greater convergence 

(M=0.274) than the chromatic context (M=0.313). 

There was also a highly significant interaction between slider type and color 

space, F(4,128)=7.045, /?<.001. This interaction had essentially the same effect on hue 

convergence as it had on color convergence. Again, the static sliders improved hue 

convergence for the HSV space, while the dynamic sliders improved hue convergence for 
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the R G B space. Or, looking at how color space modified the effect of slider type, the OPP 

space minimized the effect of slider type, while the RGB space changed the pattern so that 

static sliders were not any better than plain, and HSV changed the pattern so that dynamic 

sliders were not any better than plain. Again, this interaction suggests that using the RGB 

space with static sliders, or using the HSV space with dynamic sliders, resulted in less hue 

convergence than would be expected, given the simple effects. 

As shown in Figure 28, there was also a significant interaction between context 

and subject pool, F(l,64)=4.029, which was caused by the fact that there was no effect of 

context for the architecture students like there was overall, and for the psychology 

students. There was also a significant interaction of context, color space and gender, 

i7(l,64)=4.322, which seemed to be caused by the fact that the context effect was absent 

for females who used the OPP space. The graph for this effect is found in Appendix H . 

Chroma Convergence 

The results for chroma convergence are shown in Figure 29. The average 

convergence for chroma error was 0.292. There was a strong effect of color space, 

F(2,64)=7.685 p<.01, with the OPP space (M=0.266) and the RGB space (M=0.258) 
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leading to greater convergence than the HSV space (M=0.352). There was also a strong 

effect of slider type, F(2,128)=5.407, p<.0\, with dynamic sliders leading to greater 

convergence (M=0.271) than either the plain sliders (M=0.298) or the static sliders 

(M=0.306). There was also a highly significant effect of context, F( 1,64)= 14.565, /?<.001, 

with the achromatic sliders leading to greater convergence (M=0.280) than the chromatic 

context (M=0.304). There were no two-way interactions between the treatment variables. 

There was a significant three-way interaction between them, F(4,128)=3.743, /?<.01, and 

another significant interaction between context, color space, gender and subject pool, 

F(2,64)=3.321. Both of these graphs are contained in Appendix H. 

Intensity Convergence 

The results for intensity convergence are shown in Figure 30. Across all 

treatments, the average convergence value was 0.551. There was a highly significant 

effect of color space, F(2,64)=36.796, p<.001, with the OPP space leading to fastest 

convergence (M=0.324), followed by the RGB space (M=0.515), followed by the HSV 

space (M=0.825). There was a highly significant effect of slider type, F(2,128)=8.439, 

/?<.001, with dynamic sliders (M=0.527) and static sliders (M=0.504) leading to greater 

convergence than the plain sliders (M=0.623). There was also a strong effect of context, 

F(l,64)=7.154, p<.01, with the achromatic context leading to greater convergence 

(M=0.528) than the chromatic context (M=0.574). 

There was also a significant interaction between color space and slider type, 

F(4,128)=3.682, /?<.01, with the effect stemming from how color space changed the effect 

of slider type. The OPP space removed the effect of slider type (all the types worked well), 

while the RGB space showed the average effect, and for the HSV space, the dynamic 

sliders lost their advantage (still better than the plain sliders, but now worse than the static 

sliders). 
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Quiz Scores 

Across all the treatments, the average quiz score was 74.08%. As would be 

expected, the quiz scores improved as the participants became more experienced with the 

program. The quiz scores for the first session were relatively low (M=70.36%), while the 

scores for the second session (M=75.22%) and third session (M=76.67%) were fairly 

close. Even with this experience-related effect, color space had a highly significant effect 

on the scores, F(2,61)=92.588,/?<.001, which is shown in Figure 31a, The OPP space lead 

to the highest quiz scores (Af=86.4%), followed by the HSV space (M=74.18%), and then 

by the RGB space (M=62.17%). There was also a complex effect for the interaction of 

color space, gender and subject pool, F(2,61)=3.763, p<.05, which appeared to be caused 

by the fact that, for architecture students who used the RGB space, females had better 

scores than the males. The graph for this effect is found in Appendix H. 

Comfort 

Across all treatments, the average comfort rating was 2.65, out of a possible 3. A 

ranking of 1 indicated discomfort ("I never did quite understand how the system 



worked..."), while a ranking of 2 indicated some unease ("I think I understood how the 

system worked...") and a ranking of 3 indicated greatest comfort ("I understood the 

system very well..."). Like the quiz scores, the comfort ratings also improved over time. 

They improved steadily from the first session (M=2.45) to the second session (M=2.67) to 

the third session (M=2.84). Despite this experience-related trend, there was a strong effect 

of color space, F(2,64)=5.277, p<.01, with the RGB space leading to lower comfort 

(Af=2.48) than either the OPP space (M=2.74) or the HSV space (M=2.73) 

Preference 

Preference is the only categorical measure in this study. A summary of the 

responses for overall preference (which system the participant liked best of all), expressed 

as both percentages and as numbers of people, is shown in Table III. 

Table HI. Slider Type Preference 

Color Space Dynamic Static Plain None 

A L L (76) 55.3 (42) 22.4 (17) 11.8 (9) 10.5 (8) 

RGB (25) 56.0 (14) 12.0 (3) 16.0 (4) 16.0(4) 
OPP (26) 53.8 (14) 26.9 (7) 7.7 (2) 11.5 (3) 
HSV (25) 56.0(14) 28.0 (7) 12.0 (3) 4.0(1) 

This table illustrates how, by the end of the third session, participants generally preferred 

the dynamic sliders over the static sliders, and the static sliders over the plain sliders, 

Color space appeared to modify this effect somewhat, in that people who used the RGB 

space tended not to prefer static sliders over the plain sliders. 



DISCUSSION 

Summary of Effects 

The overall usability of a color specification system can be thought of as some 

complex function of a given set of usability measurements. If that function and set of 

measurements were known, any color specification system could be empirically evaluated 

for these measurements and the results could be manipulated according to that function 

into one aggregate usability "score". Unfortunately, neither the set of measurements nor 

the usability equation have been established. Furthermore, testing each and every new 

color specification system for the set of measurements would be tedious! 

Alternatively, one can examine fundamental characteristics of color specification 

systems to determine how they affect usability, both individually and together. In theory, 

once these effects have been established, optimally usable systems could be designed by 

combining those attributes and attribute groupings that had led to greatest usability. That 

was the intent of this experiment. We examined how three major attributes of a color 

specification system (color space, slider type and context) affected various measures of 

system usability. The results section of this thesis outlined exactly how each of the various 

usability measures were affected by each of the attribute variables, and by the interactions 

between those variables. 

There still remains the task of ascertaining how each attribute, and attribute 

combination, impacted on overall system usability. Again, there is no established method 

for combining individual usability measures into some global usability metric. However, 

we can get a general idea of the overall effect of an attribute, or attribute combination, by 

examining the pattern of its effect across all individual usability measurements. It is 

important to note that a particular attribute may affect some aspect of usability in a 

positive way, and may affect another aspect of usability in a negative way. For instance, a 



particular attribute may lead to faster matches, but higher color error. 

Color Space 

Each of the three color spaces which were examined in this study is based on 

different stages of color vision processing. The RGB space is based on the first step - the 

physics of light and the cones in the retina. The OPP space is based on a pre-processing 

step that separates color along its basic chromatic (red-green and yellow-blue) and 

achromatic (black-white) axes. The HSV space is based on the final step, in which color is 

finally converted into the psychological sensations of hue, chroma, and intensity. It was 

hypothesized that color space would affect the usability of a color specification system, 

and that the relative benefit of a space would be correlated with how far it was removed 

from the final, most salient, stage of color processing. Thus, it was expected that the color 

spaces would be ordered HSV>OPP>RGB. The effects for color space are summarized in 

Table IV. 

Table IV. Summary of Color Space Effects 

Measure Effect Significance Level 
Color Convergence OPP < (RGB,HSV) p<.01 
Hue Convergence OPP < (RGB,HSV) p<.05 

Chroma Convergence (OPRRGB) < HSV p<.01 
Intensity Convergence OPP < RGB < HSV p<.001 

Quiz Score OPP > HSV > RGB p<.001 
Comfort (OPP,HSV) > RGB p<.01 

Somewhat surprisingly, color space had no significant effect with respect to the 

measures of time, accuracy (overall color, hue, chroma, or intensity error), or physical 

effort (slider access or slider time). This is inconsistent with the results reported in [20], in 

which the RGB space was found to lead to relatively quick but inaccurate matches when 

compared to the HSV space, and color spaces with an independent lightness control led to 



lower intensity errors generally. 

However, color space did have a fairly consistent effect on the four convergence 

measurements, with convergence rates generally ordered fastest for the OPP space, then 

the RGB space, then the HSV space. This is quite different from the expected ordering, 

and implies that a color space based on the middle stage of color vision is most helpful for 

converging, while a space based on the last stage is least helpful. One possible explanation 

for this phenomenon is that perhaps differences between colors are noted at the earlier 

stages of processing, while the properties of the individual colors themselves are not 

processed until later. In this way, color differences would be expressed in terms of the 

opponent channels (i.e. "this color is more reddish than that color") rather than in terms of 

the psychological aspects (i.e. "this color has a different hue than that color"). Presumably, 

this would facilitate convergence for opponent channel-based spaces. However, the true 

cause of this effect may not be that simple. This explanation implies that, because the 

HSV space also has a parameter that corresponds to the opponent channel of black-white 

(the value parameter), it should not be any worse than the OPP space in terms of intensity 

convergence, and that it should be better than the RGB space. This was not the case; both 

the OPP space and the RGB space were superior to HSV in terms of intensity 

convergence. 

The other two measures, quiz scores and comfort rating, were affected similarly 

by color space. The OPP space led to highest quiz scores, followed by the HSV space and 

then by the RGB space, while participants felt more comfortable with the OPP and HSV 

spaces than they did with the RGB space. This poor ranking for the RGB space 

corresponds to the popular notion that it is a non-intuitive color space. This might be 

explained by the hypothesis that the RGB space is so far removed from the final stage of 

color processing that it is difficult to understand the relationships between its parameters, 

and it is therefore also hard to use in one-shot specification tasks such as the quiz. 



However, it is important to remember that these aspects of the RGB space did not lead to 

any other usability problems (in time, accuracy, or effort), and that the RGB space was 

even better than the HSV space with regard to convergence rate. 

The difference between the OPP and HSV spaces on the quiz scores can 

probably be attributed to the fact that the colors on the quiz were fairly basic. Because the 

OPP space is based around the primary color sensations, it is presumably more useful for 

specifying those basic types of colors. 

Slider type 

The three slider types that were examined in this study differ according to how 

much information they contain. Plain sliders contain only the minimal parameter level 

information. Static sliders add information about what the parameters are, and how they 

affect color appearance. Dynamic sliders add predictive information that shows exactly 

what color will result from changes in the parameters. It was hypothesized that slider type 

would affect the usability of a color specification system and that the relative benefit of a 

given slider type would be correlated with the amount of information it contained. Thus, it 

was expected that dynamic sliders would be better than static sliders, which would be 

better than plain sliders. The effects for slider type are summarized in Table V . 

This table shows that the hypothesis was supported for nearly every usability 

measure. It is interesting to note that even though the participants showed a clear effect 

with regard to preference, they indicated no difference in comfort rating or quiz scores 

between any of the slider types. This would seem to indicate that, between the two 

attributes of color space and slider type, color space is more important in terms of comfort 

and understanding, slider type is more important in terms of the standard usability 

measures (time, accuracy and physical effort), and both attributes are important for 

convergence. 



Table V. Summary of Slider Type Effects 

Measure Effect Significance Level 
Time (DYN,STA) < PLA p<.05 

Color Error DYN < (STA,PLA) p<.01 
Chroma Error DYN < STA p<.05 
Intensity Error (DYN,STA) < PLA p<.01 

Slider Time (DYN,STA) < PLA p<.001 

Color Convergence DYN < STA < PLA p<.001 
Hue Convergence DYN < STA < PLA p<.001 

Chroma Convergence DYN < (STA,PLA) p<.01 
Intensity Convergence (DYN,STA) < PLA p<.001 

Preference DYN > STA > PLA — 

Context 

The two types of context that were examined in this study differed in their 

chromatic content and luminance variability. The achromatic context was composed of 

regularly repeating black and white rectangles while the chromatic context was composed 

of a random pattern of differently colored rectangles. It was hypothesized that context 

would have an effect on the usability of a system, and that the effect would be correlated 

with the amount of interference generated by the context. Thus, it was expected that the 

achromatic context would cause less interference and would lead to greater usability than 

the chromatic context. The effects for context are summarized in Table VI. 

As shown in this table, the effect of context was not consistent across all the 

usability measures. The hypothesis that the achromatic background would lead to greater 

usability was supported by some of the measures (color, hue and chroma error, and all 

modified this effect of slider type, such that dynamic sliders were only better than the plain 

sliders (for chromatic context) or only better than the static sliders (for achromatic 

context). This minor effect was also not predicted by any of the hypotheses, and did not 

change the overall pattern of usability effects for either context or slider type. 



Table VI. Summary of Context Effects 

Measure Effect Significance Level 
Time CHR < B/W p<.05 

Color Error 
Hue Error 

Chroma Error 
Intensity Error 

B/W < CHR 
B/W < CHR 
B/W < CHR 
CHR < B/W 

p<.001 
p<.001 
p<.001 
p<.001 

Slider Access CHR < B/W p<.001 

Color Convergence 
Hue Convergence 

Chroma Convergence 
Intensity Convergence 

B/W < CHR 
B/W < CHR 
B/W < CHR 
B/W < CHR 

p<.001 
p<.001 
p<.001 
p<.01 

Interaction of Color Space and Slider Type 

Two convergence measures (overall color and hue) were affected in the same 

way by the interaction between color space and slider type. For both measures, the general 

effect of slider type was that sliders were ordered dynamic, static, and plain in terms of 

convergence speed. With the RGB space, dynamic sliders were better than both static and 

plain sliders, with the HSV space, both dynamic and static sliders were better than plain 

sliders, and with the OPP space, all sliders worked equally well. This minor effect only 

highlights the superiority of the OPP space with regard to convergence, and does not 

change the overall pattern of usability effects for either slider type or color space. 

Effects of Participant Characteristics 

The subjects in this experiment were divided into groups based on gender and 

major. We did not have any specific hypotheses about effects of these blocking variables, 

but were interested to see if they had any effect on performance, or interacted with any of 

the system attributes. 

The only direct effect of gender was that females had shorter slider times than 



males. This difference in interaction style would normally seem to be logically related to 

computer experience, but there was no significant difference in this trait between the 

genders. The gender-based differences that did exist (females were younger, and had 

better color vision inventory scores) do not seem related to this effect, and there were no 

other direct effects of gender on any of the other usability measures. The explanation for 

this gender effect may be behavioral, in which case it would lie outside the scope of this 

study. 

There was also an interaction between gender and subject pool for both color and 

chroma error. For both measures, the effect of this interaction was the same: female 

architecture students had significantly lower error than the female psychology students. 

Since there were no significant differences in the recorded traits of these two groups, there 

doesn't appear to be any objective explanation for this effect . 

As outlined in the results section, there were several interactions between 

participant characteristics and the attributes of color space, slider type and context. These 

interactions were not predicted by any of the hypotheses of this study. As a whole, they 

also did not assemble into any meaningful pattern explaining how participant 

characteristics interacted with the treatment variables, nor did they change the overall 

usability effects for any of the treatment variables. 

Correlations 

Another important goal of this experiment was to examine the relationships 

between the various usability measures. It would be convenient if all usability measures 

were perfectly correlated - future experiments of this kind would be much less 

complicated! Unfortunately, this is not the case, and it becomes important to check for 

7 From a purely subjective view, it seemed that the female architecture students were overly conscientious 
about the experiment, while the female psychology students showed a certain amount of disinterest in it. 
This cannot be verified by the experiment data, but it implies that motivation may have a significant impact 
on performance, and suggests that this aspect of the task might be worth investigating in the future. 



correlations between the measures so that we can construct a set of usability measures that 

are as independent as possible, but still comprehensive in testing all aspects of usability. 

Also, when introducing a new measurement technique, as we have done with the SPT 

curve and convergence calculation, it is important to examine how this new measurement 

relates to the established ones. 

To calculate the correlation between all measurements, we first separated all the 

results into 18 sets according to treatment. For each set of data, a correlation coefficient 

was computed for each possible measurement pairing. The results for these computations 

are contained in 18 tables located in Appendix I. An examination of these tables reveals a 

general pattern for the direction of the correlation coefficients. Time and physical effort 

tend to be positively correlated (longer match times are associated with greater slider 

access and time). The accuracy and convergence measures also tend to be positively 

correlated (lower convergence values are associated with lower color errors). These two 

groups of measures tend to be negatively correlated: longer match times and greater slider 

use are associated with lower error and lower convergence values. 

Each of the correlation coefficients were tested for significance at the oc=.05 level 

(r>.396 for n=25 subjects, r>.388 for n=26 subjects) and at the a=.01 level (/>.505 for 

n=25 subjects, r>.496 for n=26 subjects). Values that were significant at the ot=.05 level 

are indicated in bold in the tables contained in Appendix I. The majority of these 

significant correlations followed the general direction trend discussed above. However, 

the results corresponding to one of the treatments (the combination of the RGB space, 

plain sliders, and achromatic context) showed several significant but inconsistent 

relationships. It is beyond the scope of this thesis to explain this phenomenon, but it is 

noted here so that it may be considered during the rest of this discussion. 

To compare the relative strengths of the correlations, we computed the 

percentage of the 18 sets that showed a significant correlation at each significance level. 



These percentages are tabularized in Table VII (oc=.01) and Table VIII (a=.05). In these 

tables, the measurement pairings that showed a significant correlation for more than fifty 

percent of the treatments are indicated in bold type. Those significant correlations that 

were opposite in expected sign are included in these percentages, and are denoted in the 

table by an asterisk next to the value. Since none of the affected measurement pairings 

were near the 50% cutoff, excluding these values from the percentage calculation would 

not have changed the overall pattern of the correlation strengths. 

These tables illustrate some predicted relationships between the measurements. 

As expected, match time is highly correlated with accuracy and effort measurements: 

longer match times are associated with more physical effort and result in more accurate 

matches. Also, the overall color and color component errors were highly correlated as a 

group: greater accuracy in one color component is accompanied by greater accuracy in the 

other components. Likewise, the overall color and color component convergence 

measures were are also highly correlated as a group. 

The most interesting finding is the lack of correlation between the convergence 

measures and any of the other traditional usability measures. Greater convergence rates 

were not strongly associated with faster matches, greater accuracy or less physical effort. 

The direction of the correlation between the convergence measures and these others 

indicate that it is somewhat related to them, and that greater convergence is a desirable 

trait in a color specification system. At the same time, the lack of strong association 

indicates our success at creating a new usability measure that is relatively independent of 

both speed and accuracy. 

SPT Relationships 

The correlation summary tables indicate that the convergence rates for color 

error and color component error are strongly correlated. Greater convergence for one color 
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Table VII. Summary of Measurement Correlations, a=.01 

match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error 72.2 

hue 
error 61.1 100.0 

chroma 
error 50.0 100.0 77.8 

intensity 
error * 38.9 94.4 83.3 83.3 

slider 
time 94.4 *66.7 33.3 38.9 38.9 

slider 
access 83.3 38.9 27.8 *33.3 22.2 33.3 

color 
converg. 44.4 *38.9 16.7 22.2 27.8 16.7 27.8 

hue 
converg. *5.6 33.3 22.2 27.8 11.1 0.0 22.2 100.0 

chroma 
converg. * 16.7 16.7 11.1 16.7 5.6 5.6 22.2 77.8 55.6 

intensity 
converg. 22.2 38.9 27.8 44.4 22.2 5.6 27.8 88.9 55.6 44.4 

Table VIII. Summary of Measurement Correlations, ot=.05 

match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error 94.4 

hue 
error 77.8 100.0 

chroma 
error *72.2 100.0 100.0 

intensity 
error *66.7 100.0 88.9 100.0 

slider 
time 100.0 *83.3 77.8 61.1 61.1 

slider 
access *100.0 55.6 44.4 *50.0 44.4 44.4 

color 
converg. 55.6 *72.2 44.4 55.6 50.0 44.4 50.0 

hue 
converg. * 33.3 55.6 44.4 44.4 *50.0 5.6 27.8 100.0 

chroma 
converg. * 27.8 27.8 16.7 22.2 22.2 16.7 33.3 83.3 61.1 

intensity 
converg. 50.0 66.7 * 50.0 50.0 55.6 22.2 61.1 *94.4 72.2 55.6 



Fig. 32. Average SPT curves for overall color error and hue, chroma, and intensity 
component errors. 

component is generally associated with greater convergence for the other components. 

However, the mean values for hue (M=.294), chroma (M=.240), and intensity (Af=.551) 

indicate that convergence rate itself is not consistent among the color components. To 

illustrate this concept, the averages of all SPT curves are shown in Figure 32. This graph, 

and the mean convergence values, suggest that people tend to first modify colors with 

respect to chroma and hue, and then with respect to intensity. 



The shapes of these curves also suggest that convergence does not follow a 

perfect power function. During the final 10-15% of the match, convergence tends to 

increase slightly, and then taper off again near the end. The flat portion at the very end of 

the curve corresponds to the time between the last editing event and the match completion 

event. 



FUTURE DIRECTIONS 

Additional Analysis 

This experiment generated copious amounts of data, which has not been fully 

explored in this study. Additional analyses, which were either left out of this study due to 

lack of time or lack of application to the hypotheses of this study, could be performed. 

These analyses might yield interesting results for different questions or approaches to the 

color matching process. Ideas for these additional analyses include: 

1. Analyze the measures according to session with respect to the system 

attributes, to explore the effect of learning and experience on performance. 

2. Investigate individual matches to characterize behavioral aspects of color 

matching. Perhaps certain strategies or match characteristics could be identified and 

measured. 

3. Group matches according to the characteristics of the match color (for 

example, light colors, reddish colors, unsaturated colors, etc.) to see if these color 

attributes have any effect on matching performance or strategies. 

4. Look for other ways to measure convergence, besides the SPT. 

5. Analyze the variability measures and signed color component error measures 

to see if these results modify any of the findings of this study. 

Potential Extensions 

This experiment was a very basic and exploratory look into key attributes of 

color specification systems. There are many ways this research can be verified and 

extended: 

1. Other versions of the static sliders should be tested, to see if the effects found 

in this study were indeed related to the static nature of the sliders, or if they were only 



related to the way we happened to choose to draw them. 

2. Context could be more closely examined. Backgrounds that isolate particular 

color dimensions in different ways could be compared. 

3. Other color spaces should be examined. The traits of perceptual uniformity 

and irregular shape should be investigated. 

4. ID and 2D inputs could be compared. In fact, this should be done soon, as 2D 

input techniques are already being used in many commercial applications. 

5. 3D input techniques could be developed and compared to ID and 2D input 

techniques. 

6. Other types of exercises should be used. People could create matches to 

physical samples, or to mental colors of familiar objects, and the colors could be matched 

within a complex context (an image, or a three-dimensional scene). 

7. A totally isolated task could be examined, in which a person would have to 

create a color in an isolated swatch, apply it to the context to evaluate it, refine it, reapply 

it, etc. 

8. Other subject groups could be examined. Experienced users and color 

deficient people are obvious choices. 

9. Systems that use multiple color spaces simultaneously should be examined to 

see how this affects performance, and to see which color space people use most during 

which parts of the color matching task. 

Hindsights 

There are several aspects of the experiment that could have been improved 

through slight changes in the methodology. They are listed here so that others who are 

interested in replicating or extending this research may consider them. 

1. It would have been better if the context variable had not been separated into 



two sessions. Instead, the two backgrounds could have simply been alternated between 

matches. This would have reduced the effect of ordering even further, and the practice 

matches could have used different types of each context, instead of the plain black 

background. 

2. It might have been profitable to stress to the students that they should try to do 

their matches in the most direct manner possible, as this might have been a more rigorous 

test of usability. 

3. The quiz could have been delivered on line, so that it would be more similar to 

the experimental task, and so that it would be easier to evaluate. 



C O N C L U S I O N S 

This thesis describes an investigation of the relationship between attributes of 

different color specification systems and their usability. The goals of this study were to 

increase understanding of the color specification process in the context of current user-

interface technology, and to investigate how the system attributes of color space, slider 

type and context can affect usability during a visual color matching task. In the analysis, 

system usability was operationalized in terms of time, accuracy, effort, and convergence. 

The results of this study indicate that color space primarily affects both 

convergence rate and the subjective notion of "ease of use". In general, the OPP space led 

to the greatest convergence, followed by the RGB space and then the HSV space, and 

participants felt that the OPP space was the easiest to use, followed by the HSV space and 

then the RGB space. These results lend strong support to incorporating opponent-channel 

based spaces into interactive color specification systems. 

Slider type had a very strong and consistent effect on system usability. As 

predicted, dynamic sliders were more helpful than static sliders, which were more helpful 

than plain sliders. Participants also indicated a preference for the sliders in this same order. 

This indicates that the interactive and predictive nature of dynamic sliders provide a 

distinct advantage over the other two slider types. 

Context, as it was used in this study, was related more to the task itself than the 

color specification system. The achromatic context led to a lower-tolerance matching task, 

as evidenced by higher accuracy accompanied by increased time and effort. This result 

indicates that misuse of color in the visual design of the interface for a color specification 

system may hamper its usability, and suggests that simplicity in the interface may be 

desirable. 

This study also introduced the Standardized Performance Trajectory (SPT), a 
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new method for using sets of color match data to generate a curve that describes an 

individual's typical matching behavior. A power function can be fit to the SPT curve, and 

the exponent of the fitted curve is used as a measure of convergence. While this study did 

not explicitly test this measure for validity, its analysis within the scope of the 

investigation yielded reasonable results that were consistent with the other accepted 

measures of usability. 

The overall success of this study indicates that empirical investigation into the 

factors affecting color specification system usability can be helpful in generating 

principles for their design. Interface designers can then use these principles to create more 

effective and user-friendly interfaces to afford people the opportunity to take advantage of 

the vast color capabilities of graphics computers. 
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A P P E N D I C E S 



APPENDIX A 

MONITOR CALIBRATION PROCEDURE 



Calibration vs. Characterization 

When tight control of color output is needed, the computer monitor must be 

calibrated to precise standards. Calibration ensures that the monitor behaves in a very 

specific, predictable manner. This is especially important when output must be displayed 

on other monitors or transferred to different types of display devices, such as printers or 

film recorders. Across all forms of media, the universal standard for specifying colors is 

the CIE space [25]. This space defines colors by mathematical functions that are 

represented by the symbols X , Y, and Z, also known as the tristimulus values of a color. 

The purpose of calibration is to force the monitor to exhibit a standard behavior so that 

every RGB triplet produces a predetermined CIE color. Calibration also allows one to 

calculate whether a given CIE color is within the monitor's gamut, and if so, what RGB 

triplet would correspond to that color. 

Calibration involves fine tuning of the internal controls of each of the three color 

guns in order to set the monitor white point (i.e, the color produced when all guns are 

activated maximally) to be a standard shade and intensity of white. Simultaneously, the 

guns are also adjusted so that their individual output intensities are an exact perceptually 

linear function of their digital input. This calibration procedure is very complicated to do 

without the use of expensive, special-purpose diagnostic tools. Fortunately, most uses for 

computers do not require such strict control over color - it is only necessary that the 

monitor output be reasonably accurate and not significantly different from the other 

display devices in the working environment. 

Because this experiment did not require creating specific CIE colors, it was not 

necessary to precisely calibrate the monitors. Instead, the two monitors were first visually 

adjusted to behave as similarly and as linearly as possible, and then individually 

characterized. Characterization is a less stringent type of calibration. Rather than forcing 

a monitor to exhibit a predefined behavior, its existing non-standard behavior is examined 



and modelled, and that model is used to calculate exactly what CIE color the monitor 

produces for a given RGB triplet. 

Characterization Procedure 

The ideal way to characterize a monitor is to use a spectrophotometer to directly 

measure the CIE tristimulus values of a regular sampling of colors within the RGB gamut, 

and then to interpolate between those values in order to determine the CIE tristimulus 

values for all other colors. Unfortunately, we did not have access to such equipment for 

this experiment. The next best solution is more complicated and produces slightly less 

precise results. However, it makes use of more readily available equipment and the 

precision of the results is adequate. 

The rationale behind this procedure is based on the additive natures of the 

monitor and the CIE space. This property of the space ensures that when two or more 

colors are added together, the tristimulus values of the resulting color are equal to the 

sums of the tristimulus values for the component colors. In other words, if color C is the 

result of the addition of color A and color B, then X c = X A + X B ; Y c = Y A + Y B ; and Z c 

= Z A + Z B . Similarly, monitors rely on the additive property of light in order to create a 

gamut of colors - the monochromatic lights emitted from each of the three phosphors are 

added together in various ratios of intensities to create the different colors. Thus, for any 

monitor color C, its tristimulus values are equal to the sums of the tristimulus values of the 

light contributed by each of the three phosphors, such that 

X-c = XR + X G + X B , 

Y C = Y R + Y G + Y B , (D 
= ^R + + ' 

Unfortunately, direct measurement of each phosphor's X Y Z value would still require the 

use of a spectrophotometer. The solution to this problem lies in another property called 



phosphor constancy. This means that the chromatic quality of the light emitted from a 

phosphor is independent of its intensity. The CIE method for specifying the chromatic 

nature of a light is to transform its X Y Z tristimulus values into chromaticity coordinates 

(denoted by the lower case x, y, and z) using the following normalization equations: 

_ X _ Y _ Z fr)\ 
X ~ ( X + Y + Z ) ' Y ~ ( X + Y + Z ) ' Z " ( X + Y + Z ) ' 1 ; 

Equation (2) can be rearranged to yield: 

X = J C - , Z = z -. (3) 
y y 

Thus, if a phosphor's chromaticity coordinates are known, only a direct measurement of 

the luminance of the light emitted by the phosphor (its CIE Y tristimulus value) is required 

in order to reconstruct the remaining X and Z tristimulus values. 

Using this information, the steps in the characterization procedure become: 

1. Determine the chromaticity coordinates of the monitor phosphors. 

2. Measure the luminance (the Y tristimulus value) of each phosphor at a series of 
intensity levels. 

3. For any given RGB triplet, interpolate between the measured values to determine 
the Y tristimulus value of each phosphor at those input levels. 

4. Using Equation (3), solve for the X and Z tristimulus values for each phosphor. 

5. As in Equation (1), add the tristimulus values of all three phosphors to determine 
the tristimulus values for the color. This corresponds to the CIE X Y Z color 
produced by the given RGB triplet. 

For the first step, the best way to determine the chromaticity coordinates of the 

monitor phosphors is again with the use of a spectrophotometer. Because phosphors don't 

vary much across CRTs of the same make, the next best alternative is to use the 

chromaticity specifications provided by the monitor manufacturer. The chromaticity 

coordinates for both monitors are specified as shown in Table A-I. 



Table A-I . Monitor Phosphor Chromaticity Coordinates 

Phosphor X y Z 

Red 0.624 0.339 0.037 
Green 0.285 0.604 0.111 
Blue 0.150 0.065 0.785 

The second step in this procedure was carried out using a Tektronix J16 Digital 

Photometer/Radiometer that was fitted with a J6523 Luminance Probe. Measurements 

were taken from the center of the monitor screen, with the meter held perpendicular to the 

screen at a distance of 20 inches. The luminance of the output was measured as the guns 

were set, individually and all together, to a series of digital input values ranging from 0 to 

255. The readings for both monitors are tabularized in Table A - H 

Table A-II. Monitor Luminance Measurements (in foot-lamberts) 

Monitor 1 Monitor 2 

Digital input YR Y G Y B 

Y A L L YR Y G Y B 

Y A L L 
0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
8 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 
16 0.15 0.2 0.2 0.3 0.15 0.15 0.15 0.2 
24 0.2 0.4 0.25 0.7 0.2 0.3 0.2 0.45 
32 0.4 1.0 0.4 1.6 0.3 0.7 0.25 1.1 
40 0.6 1.9 0.55 2.9 0.5 1.4 0.4 2.1 
48 0.95 2.9 0.7 4.5 0.7 2.2 0.5 3.3 
56 1.4 4.4 0.9 6.6 1.0 3.4 0.7 5.0 
64 1.9 6.0 1.2 9.0 1.3 4.8 0.9 7.0 
72 2.45 7.9 1.5 11.6 1.7 6.35 1.1 9.3 
80 3.1 9.8 1.75 14.4 2.2 8.0 1.4 11.7 
88 3.8 12.1 2.1 17.7 2.7 10.1 1.7 14.6 
96 4.5 14.5 2.4 21.1 3.3 12.2 2.0 17.7 
104 5.3 17.0 2.8 24.6 3.85 14.4 2.3 20.9 
112 6.2 19.8 3.2 28.6 4.5 17.0 2.7 24.6 
120 7.1 22.6 3.6 32.6 5.2 19.7 3.1 28.4 
128 8.0 25.4 4.0 36.6 5.9 22.3 3.5 32.1 
136 9.0 28.5 4.45 41.0 6.7 25.4 3.9 36.5 
144 9.9 31.6 4.9 45.4 7.5 28.4 4.4 40.8 
152 10.9 34.6 5.3 49.7 8.3 31.3 4.8 44.9 
160 11.95 37.9 5.8 54.4 9.2 34.7 5.3 49.6 
168 12.9 40.9 6.2 58.6 10.0 37.7 5.7 53.8 
176 14.1 44.7 6.75 63.9 11.0 41.6 6.3 59.3 
184 15.0 47.8 7.2 68.4 11.9 44.8 6.8 64.0 
192 16.2 51.2 7.7 73.3 12.9 48.4 7.3 69.0 
200 17.2 54.5 8.15 78.0 13.85 51.9 7.8 74.0 
208 18.2 57.8 8.6 82.7 14.8 55.5 8.3 79.0 
216 19.3 61.5 9.15 87.9 15.9 59.6 8.9 84.8 
224 20.4 64.9 9.6 92.7 17.0 63.35 9.5 90.2 
232 21.4 68.4 10.1 97.5 18.0 67.2 10.1 95.8 
240 22.6 72.2 10.65 102.9 19.25 71.45 10.7 101.8 
248 23.6 75.8 11.2 107.8 20.4 75.6 11.3 107.6 
255 24.5 78.7 11.6 112.0 21.3 79.0 11.8 112.6 



The grey-scale data (when all guns were activated equally) was used to check for 

interactions between the guns. The validity of Equation (1) depends on gun independence. 

That is, the light output from one gun should not affect the light output from the other 

guns. A rough estimate of gun independence was obtained by calculating, for each input 

level, the percentage difference between the measured grey-scale luminance value ( Y A L L ) 

and the predicted luminance value ( Y R + Y G + Y B ) . While the correspondence was 

relatively poor at the lowest levels (due to the precision limits of the luminance meter), it 

plateaued after level 40 to a fairly constant value, resulting in median differences of only 

+2.3% for Monitor 1 and -0.6% for Monitor 2. 

The poor precision at low levels was not expected to significantly affect the 

results of the experiment. It only concerns a small portion of the range for each gun, and 

the lowest values for the red, green and blue components of the test colors were centered 

around 42, and never went below 21. Also, whatever error it did introduce was evenly 

distributed across all treatments. Participants were assigned to the machines randomly, in 

order to minimize whatever effect the differences between the two monitors (in terms of 

their output behavior and their degree of gun-independence) may have had on the results. 

The third step of the procedure was to interpolate between the measured 

luminance values for each gun. Third-degree polynomial curves were fit to the data using 

Cricket Graph™. The resulting equations were then used to interpolate the luminance 

output of each gun as a function of its digital input. The interpolation equations are given 

below, and their relationships to the raw data are shown in Figure A-1. 

Monitor 1: 
Y R = 0.14177 - 0.015454*R + 0.00076141 *R 2 - 0.0000012842*R3 

Y G = -0.11507 - 0.029616*G + 0.0022359*G2 - 0.0000035789*G3 

Y B = 0.055939 + 0.0018072*B + 0.00028194*B2 - 0.00000043987*B3 

Monitor 2: 
Y R = 0.17597 - 0.01218*R + 0.00051656*R2 - 0.00000056501 * R 3 

Y G = 0.2832 - 0.049396*G + 0.0020565*G2 - 0.0000025684*G3 

Y R = 0.12128 - 0.0041642*B + 0.00027914*B2 - 0.00000032713*B3 



D A C level 

Fig. A - l . Luminance curves for the two monitors. The symbols indicate actual measured 
intensities, while the underlying lines are their corresponding fitted curves. 

The final steps were carried out within the analysis program. For any given RGB 

triplet, the interpolated luminance values were used, along with the phosphor chromaticity 

coordinates, to calculate the X and Z values for each phosphor. The tristimulus values 

were then added to yield the CIE color corresponding to that RGB triplet. 



A P P E N D I X B 

C O L O R S P A C E T R A N S F O R M A T I O N S 



OPP-to-RGB conversion routine 

void OPPtoRGB () 
{ 

//_OPP and _RGB are global variables that contain the current OPP and RGB values 
//_OPP is an array of shorts (0-255), size 3 
//_RGB is an array of floats (0.0-1.0), size 3 

register float RG, BY, L, h, f; 

RG = float(_OPP[0])/255.0*2.0 - 1.0; 
BY = float(_OPP[l])/255.0*2.0 - 1.0; 
L = float(_OPP[2])/255.0*2.0; 

h = L/2.0; 
if (L<=1) 

f = h; 
else 

f= 1.0-h; 

//range is now -1.0 to 1.0 
//range is now -1.0 to 1.0 
//range is now 0.0 to 2.0 

if(RG>0) { 
if(BY>0) { 

_RGB[01 = h + f * 
_RGB[l] = h + f * 
_RGB[2] = h + f * 

} 
else { 

_RGB[0] = h + f * 
_RGB[l] = h + f * 
_RGB[2] = h + f * 

} 
} 
else { 

if(n<0) { 
_RGB[0] = h + f * (BY 
_RGB[l] = h + f *(RG 
_RGB[2] = h + f * (RG 

(BY - RG); 
(RG + BY - RG*BY); 
(RG*BY - RG - BY); 

(BY - RG - RG*BY); 
(RG + BY - RG*BY); 
(-RG - BY - RG*BY); 

- RG + RG*BY); 
+ BY + RG*BY); 
- BY + RG*BY); 

//quadrant 1 

//quadrant 2 

//quadrant 3 

else { 
_RGB[0] = h + f * (BY - RG + RG*BY); 
_RGB[1] = h + f * (RG + BY); 
_RGB[2] = h + f * (RG - BY - RG*BY); 
} 

//quadrant 4 



HSV-to-RGB conversion routine 

void HSVtoRGB () 
{ 

//_HSV and _RGB are global variables that contain the current HSV and RGB values 
//_HSV is an array of shorts (0-255), size 3 
//_RGB is an array of floats (0.0-1.0), size 3 
static float mult = 5.999999/255.0; 
register float H, S, V, p, q, t, fract, 
register short whole; 

if(_HSV[l]=0){ 
_RGB[0] = _RGB[1] = _RGB[2] = float(_HSV[2]/255.0); 

whole = short(ffloor(H)); 
fract = H- whole; 
p = V*(1.0-S); 
q = V*(1.0-(S*fract)); 
t = V*(1.0-(S*(1.0-fract))); 

switch(whole) { 
case 0: 

RGB[0] = V; 
RGB[1] = t; 
RGB [2] = p; 
break; 

case 1: 
RGB[0] = q; 
RGB[1] = V; 
RGB [2] = p; 
break; 

case 2: 
RGB[0] = p; 
RGB[1] = V; 
RGB [2] = t; 
break; 

case 3: 
RGB[0] = p; 
RGB[l] = q; 
RGB [2] = V; 
break; 

case 4: 
RGB[0] = t; 
RGB[l] = p; 
RGB [2] = V; 
break; 

case 5: 
RGB[0] = V; 
RGB[l] = p; 
RGB [2] = q; 
break; 

return; 

H = float(_HSV[0])*mult; 
S = float(_HSV[l])/255.0; 
V = float(_HSV[2])/255.0; 

//range is now 0.0 to -6.0 
//range is now 0.0 to 1.0 
//range is now 0.0 to 1.0 

} 
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APPENDIX C 

EXPERIMENT FORMS 



Consent form for architecture students: 

INFORMED CONSENT 

I understand that I will participate in a study on computer color specification 
systems. In this study, I will be asked to use the computer to perform a series of color 
matching exercises. I understand that each session will last approximately one hour and 
that I will be expected to complete three such sessions during the semester. 

M y participation in this experiment is voluntary. I realize that I am free to withdraw 
my consent and to discontinue participation in the study at any time. I understand that if I 
choose to discontinue participation during a session, I will not be allowed to continue at a 
later time, and credit will not be given for the remaining sessions. 

I have been assured that my responses during this study will remain anonymous and 
confidential. I have been offered an answer to any inquiries concerning the procedures 
used in this study. 

If I have further questions, I can contact either: 

Evelyn Wells Lou Tassinary 
216 Langford Building 429C Langford Building 
845-3465 847-9351 

I have read and understand the explanation provided to me and voluntarily agree to 
participate in this study. 

Signature of Subject Date 

This research study has been reviewed and approved by the Institutional Review 
Board - Human Subjects in Research, Texas A & M University. For research related 
problems or questions regarding subjects' rights, the Institutional Review Board may be 
contacted through Dr. Lauriston R. King, IRB Coordinator, Office of University Research, 
(409)845-1811. 



Consent form for psychology students: 

INFORMED CONSENT 

I understand that I will participate in a study on computer color specification sys
tems. In this study, I will be asked to use the computer to perform a series of color match
ing exercises. I understand that each session will last approximately one hour and that I 
will be expected to complete three such sessions during the semester. 

I realize that I am free to withdraw my consent and to discontinue participation in 
the study at any time. I will not forfeit credit for previous sessions or for the current ses
sion if I decide not to participate. I understand that if I choose to discontinue participation 
during a session, I will not be allowed to continue at a later time, and credit will not be 
given for the remaining sessions. 

My participation in this experiment is voluntary. I understand that I can fulfill the 
experimental participation requirement in my psychology course by serving as a subject in 
experiments or through written reports of psychology experiments published in journals. 

I have been assured that my responses during this study will remain anonymous and 
confidential. I have been offered an answer to any inquiries concerning the procedures 
used in this study. 

If I have further questions, I can contact either: 

Evelyn Wells 
216 Langford Building 
845-3465 

I have read and understand the explanation provided to me and voluntarily agree to 
participate in this study. 

Signature of Subject Date 

This research study has been reviewed and approved by the Institutional Review 
Board - Human Subjects in Research, Texas A & M University. For research related prob
lems or questions regarding subjects' rights, the Institutional Review Board may be con
tacted through Dr. Lauriston R. King, IRB Coordinator, Office of University Research, 
(409)845-1811. 

Lou Tassmary 
429C Langford Building 
847-9351 



Entry Questionnaire: 

Age 

Right-handed Left-handed 

The questions below will help us determine your level of prior experience with the exper
imental task. Please select the answer which most closely describes your experience. 

How much computer experience do you have? 
none 
a little (a few hours or so) 
some (occasionally used for assignments) 
much (frequently used for work or school) 

Have you ever used a "mouse" for interacting with a computer? 
never 
once or twice (not very familiar with it) 
several times (not used to working with it) 
many times (quite comfortable with it) 

How much experience have you had in mixing colors (in any media)? 
none (not since grade school art class) 
a little (a couple art classes in high school, but nothing recently) 
some (one or two classes in college) 
much (several art classes, or use color frequently in hobbies or work) 

Have you ever used any computer color selection system? (such as the "Color Picker" 
on the Macintosh) 

never 
a couple times (but didn't really understand how to use it) 
several times (for making basic colors, or just playing around) 
many times (to create specific colors) 

Name 

Male Female. 



Exit Questionnaire (page 1 of 2, for all sessions): 

Name 

This exercise will help us determine your understanding of the color matching system you 
just used. For each color shown on the left, mark the bars on the right to show what levels 
the three properties should be to create that color. 

red C 
green C 
blue [ 

red 
green 
blue 

red [ 
green [ 
blue [ 

red C 
green [ 
blue [ 

red 
green 
blue 

red [ 
green [ 
blue C 

red [ 
green C 
blue C 

red 
green 
blue 



Exit Questionnaire (page 2 of 2, for first session): 

Did you have any difficulty understanding the instructions? If so, please elaborate: 

By the end of the experiment, how well do you feel you understood the color match
ing system you were using? 

I never did quite understand how the system worked, and relied mostly on trial and 
error. 

_I think I understood how the system worked, but I could not always predict how 
colors would change when I adjusted the value of a property. Sometimes the system 
would not behave the way I expected. 
I understood the system very well. I could predict how the color would change when 
I adjusted the properties and I felt very comfortable using the system to make colors. 

Any other comments on the experiment? 



Exit Questionnaire (page 2 of 2, for second session): 

Did you have any difficulty understanding the instructions? If so, please elaborate: 

By the end of the experiment, how well do you feel you understood the color match
ing system you were using? 

I never did quite understand how the system worked, and relied mostly on trial and 
error. 

_I think I understood how the system worked, but I could not always predict how 
colors would change when I adjusted the value of a property. Sometimes the system 
would not behave the way I expected. 
I understood the system very well. I could predict how the color would change when 
I adjusted the properties and I felt very comfortable using the system to make colors. 

If you recall the first session, what differences did you notice between this color 
matching system and the one you used last time? 

Do you like this system more or less than the system you used during the first ses 
sion? Why? 

Any other comments on the experiment? 



Exit Questionnaire (page 2 of 2, for third session): 

Did you have any difficulty understanding the instructions? If so, please elaborate: 

By the end of the experiment, how well do you feel you understood the color match
ing system you were using? 

I never did quite understand how the system worked, and relied mostly on trial and 
error. 
I think I understood how the system worked, but I could not always predict how 
colors would change when I adjusted the value of a property. Sometimes the system 
would not behave the way I expected. 
I understood the system very well. I could predict how the color would change when 
I adjusted the properties and I felt very comfortable using the system to make colors. 

If you recall the second session, what differences did you notice between this color 
matching system and the one you used then? 

Do you like this system more or less than the system you used during the second ses
sion? Why? 

Which of the three systems did you like most? Why? 

Any other comments on the experiment? 



Debriefing form: 

The purpose of the study you have just completed is to compare the effectiveness of 
different color matching systems. Color matching is an important part of many computer 
applications. As you have seen, it can also be a time-consuming and tedious task. Your 
responses in this experiment will be analyzed to determine how properties of color 
matching systems affect a person's speed and accuracy during the color matching task. 
The results will enable designers to create more user-friendly computer interfaces. 

You are encouraged to ask questions about any part of the experiment that you don't 
understand or would like to know more about. Finally, we ask for your further cooperation 
in this research by not discussing this experiment with other students until the semester 
has ended. 

Thank you very much for participating. 



Color vision questionnaire: 

Color Vision Screening Inventory 

For each question, you should select the response that best describes you and your behav
iors. You can select from among the following response alternatives: 

Never (or almost never) 
Seldom 
Occasionally 
Frequently 
Always (or almost always) 

1. Do you have difficulty discriminating between yellow and orange? N S O F A 

2. Do you have difficulty discriminating between yellow and green? N S O F A 

3. Do you have difficulty discriminating between gray and blue-green? N S O F A 

4. Do you have difficulty discriminating between red and brown? N S O F A 

5. Do you have difficulty discriminating between green and brown? N S O F A 

6. Do you have difficulty discriminating between pale green and pale red? N S O F A 

7. Do you have difficulty discriminating between blue and purple? N S O F A 

8. Do the color names that you use disagree with those that other people use? N S O F A 

9. Are the colors of traffic lights difficult to distinguish? N S O F A 

10. Do you tend to confuse colors? N S O F A 



A P P E N D I X D 

E X P E R I M E N T S C R E E N S 



-

This appendix contains snapshots of the screens in the experiment program, as 

they appeared to the subjects. These images have been printed in black and white because 

color images of the slider types and contexts are already contained in the body of the 

thesis. Screens with a significant amount of text are transcribed below. 

Introductory Screen: 

Texas A & M University 
Visualization Laboratory 
Color Matching Experiment 

In this experiment, your task will be to use the computer to match colors. Don't worry if 
you are unfamiliar with computers or color. The task is actually quite simple and you will 
be given instructions which will familiarize you with the computer graphics equipment 
and the color matching process. You will also have a chance to practice before the actual 
experiment begins. 

Please take your time while reading these instructions and performing the practice exer
cises. While you are not expected to become an expert, it is important that you understand 
how color matching works and that you feel comfortable with the computer before you 
begin the experiment. 

The experiment is divided into two sections. You will perform 27 color matches in each 
section, for a total of 54 matches. Each match should take you less than a minute (though 
you may take as long as like). Try your best during the matches, but do not be overly con
cerned about your performance. We are not judging you or your color matching ability -
we are only analyzing your performance in order to improve color matching systems. 

If at any time during the experiment you are not certain of what is required of you, please 
ask the experiment supervisor for assistance. 

To continue, please press the "continue" button below. 

Color Explanation Screen: 

The best way to understand color is to think of it as some three dimensional object such as 
a large box. The shape of a box is controlled by three properties: width, depth and height. 
Like the shape of a box, the appearance of a color is also controlled by three properties. 
They are: 
H U E - the basic shade of the color - such as red, orange, purple or green. 
SATURATION - how vivid or "colorful" the color is. 
V A L U E - the lightness or darkness of the color. 
To create a certain color, you simply adjust the properties until the appearance of the color 



is correct. If you like, you can imagine that the color you are trying to create is a single 
point somewhere within a box. Your goal is to search through the "contents" of the box 
and find the "right" point. 

The three properties of color are represented by the three bars shown at the right. The cur
rent values of the properties are indicated by the position of the black "handle" inside the 
bar. There are two ways to adjust a bar in order to change the value of its property. You can 
simply click (press and release a mouse button) on any part of the bar and the handle will 
move to that new position. Or, you can keep the mouse button pressed and continuously 
move the handle around inside the bar. 

Try both of these methods out on all three bars. Notice how the color of the circle changes 
as you manipulate its properties. Think of one or two colors you are familiar with (sky 
blue, for example) and try to create them. When you feel comfortable with this, please 
press the "continue" button below to go on to the practice exercises. 

Alternative parameter descriptions for the RGB space: 

RED - the amount of red the color contains. 
G R E E N - the amount of green the color contains. 
B L U E - the amount of blue the color contains. 

Alternative parameter descriptions for the OPP space: 

RED-GREEN - the relative amounts of red and green in the color. 
B L U E - Y E L L O W - the relative amounts of blue and yellow in the color. 
B L A C K - W H I T E - the relative amounts of black and white in the color. 

Color Matching Explanation Screen: 

Now that you know how to manipulate the properties in order to create different colors, 
here is your chance to practice the color matching task you will be doing for the experi
ment. 

At the start of each match, a circle will appear over the black background to the right. The 
bottom half of the circle contains the color you will change, which always starts off as a 
medium grey. The top half of the circle contains the test color, which will stay the same for 
the duration of each match. By manipulating the properties as you have just learned to do, 
you will change the color of the bottom half of the circle until it matches the test color. 

You should try to match the colors as closely as possible. This means that you should con
tinue in your attempt to match the colors until you think they are the same or until it 
becomes extremely difficult to get the colors any closer to each other. Again, each match 
should take you less than one minute to complete, though you may take as long as you 
like. 

When you are ready to begin, press the "start match" button. When you complete a match, 



press the "match complete" button. The system will then wait until you press the "start 
match" button to start another match. You may wish to rest for a few seconds between 
matches. 

The experiment will begin after you have completed five practice matches. Take your time 
during these practice matches and pay attention to how the three properties work together 
to determine color appearance. However, don't be too worried if you don't fully under
stand the behavior of the color matching system - you will learn this as the experiment 
proceeds. 

NOTE - Rather than the black background used in these practice exercises, the two sec
tions of the actual experiment will have either a black and white pattern or a colored pat
tern for the background. In either case, your color matching task is the same. 
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APPENDIX E 

EXPERIMENT DATA 



Key for column headings of Table E-I: 

Subject = five letter designation for participant 
Gen = gender 
Pool = subject pool (architecture or psychology) 
Age = age (years) 
Hand = handedness 
CompE = experience with computers, on a scale of 0 to 3 
MouseE = experience with the mouse as an input device, on a scale of 0 to 3 
ColorE = experience with color in any form, on a scale of 0 to 3 
BothE = experience with color on the computer, on a scale of 0 to 3 
Vislnv = color vision inventory scale (on a scale of 0 to 40, where 0 is a perfect score) 
Space = the color space treatment 
Order = the order of the slider type treatment 
Taskl = which context was given first for the 1st and 3rd sessions, and second for the 2nd session. 
M l = which machine was used for the first session 
M2 = which machine was used for the first session 
M3 = which machine was used for the first session 
Intl = the interval between session 1 and 2 (in days) 
Int2 = the interval between session 1 and 2 (in days) 

Key for column headings of Table E-II: 

comf 1 = comfort rating after session 1 
comf2 = comfort rating after session 2 
comf3 = comfort rating after session 3 
quizl = session 1 quiz score (number incorrect) 
quiz2 = session 1 quiz score (number incorrect) 
quiz3 = session 1 quiz score (number incorrect) 
not 1-2 = whether the participant noticed a difference in the systems between sessions 1 and 2 
pref 1-2 = which system the participant preferred (session 1 or 2, or no preference) 
not2-3 = whether the participant noticed a difference in the systems between sessions 2 and 3 
pref2-3 = which system the participant preferred (session 2 or 3, or no preference) 
pref 1-2-3 = which system the participant preferred (session 1, 2 or 3, or no preference) 

• 



































APPENDIX F 

STANDARDIZED PERFORMANCE TRAJECTORIES 



This appendix contains plots of all the participants' SPT curves, with the power 

function curve fits superimposed. The graphs are arranged such that each page is devoted 

to the participants who had a particular color space and a particular slider order. The x-

axis is normalized time, and the y-axis is normalized error (as explained in the results 

section). 

There are four sections in this appendix. The first section contains the SPT 

curves for overall color error. The other three sections contain the SPT curves for the color 

component errors (hue, chroma, and intensity). The SPT curves for the color deficient 

participants are included in the last page of each section. 
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APPENDIX G 

MEANS TABLES 



Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA 152 31.296 15.582 1.264 28.799 33.793 
STA 152 28.355 12.555 1.018 26.343 30.367 
DYN 152 28.775 16.277 1.320 26.166 31.383 

Table G-II. Effect of Context on Match Time (p=.0253) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 28.587 14.619 !%8 26.679 30.495 
BAV 228 30.363 15.188 1.006 28.381 32.345 

Table G-HI. Effect of Slider Type on Color Error (p=.0050) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA 152 9.030 3.353 .272 8.493 9.568 
STA 152 9.006 2.971 .241 8.529 9.482 
DYN 152 8.350 2.755 .223 7.909 8.791 

Table G-IV. Effect of Context on Color Error (p=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 9.367 3.086 .204 8.965 9.770 
BAV 228 8.223 2.901 .192 7.845 8.602 

Table G-V. Effect of Context * Color Space on Color Error (p=.0T07) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, RGB 75 8.866 3.309 .382 8.105 9.627 
CHR, OPP 78 9.729 3.119 .353 9.025 10.432 
CHR, HSV 75 9.494 2.782 .321 8.853 10.134 
BAV, RGB 75 8.241 3.321 .384 7.477 9.005 
BAV, OPP 78 8.577 3.023 .342 7.895 9.258 
BAV, HSV 75 7.838 2.234 .258 7.324 8.352 

Table G-VL Effect of Slider Type * Context on Color Error (p=.0406) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA, CHR 76 9.807 3.430 .393 9.024 10.591 
PLA, BAV 76 8.253 3.106 .356 7.543 8.963 
STA, CHR 76 9.443 2.986 .343 8.760 10.125 
STA, BAV 76 8.568 2.910 .334 7.904 9.233 
DYN, CHR 76 8.852 2.771 .318 8.219 9.486 
DYN, BAV 76 7.848 2.662 .305 7.239 8.456 



Table G-VT1. Effect of Slider Type * Context * Color Space on Color Error (p=.0208) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA, CHR, RGB 25 9.199 3.744 .749 7.654 10.744 
PLA, CHR, OPP 26 10.071 3.414 .670 8.692 11.450 
PLA, CHR, HSV 25 10.142 3.166 .633 8.835 11.449 
PLA, B/W, RGB 25 8.729 3.422 .684 7.316 10.141 
PLA, B/W, OPP 26 8.563 3.257 .639 7.248 9.879 
PLA, B/W, HSV 25 7.455 2.528 .506 6.411 8.498 
STA, CHR, RGB 25 9.347 3.502 .700 7.902 10.792 
STA, CHR, OPP 26 9.822 2.965 .582 8.625 11.020 
STA, CHR, HSV 25 9.143 2.487 .497 8.116 10.170 
STA, B/W, RGB 25 8.855 3.518 .704 7.402 10.307 
STA, B/W, OPP 26 8.651 2.939 .576 7.464 9.838 
STA, B/W, HSV 25 8.197 2.202 .440 7.288 9.106 
DYN, CHR, RGB 25 8.052 2.536 .507 7.005 9.099 
DYN, CHR, OPP 26 9.293 3.029 .594 8.069 10.516 
DYN, CHR, HSV 25 9.195 2.647 .529 8.103 10.288 
DYN, B/W, RGB 25 7.139 2.833 .567 5.970 8.308 
DYN, B/W, OPP 26 8.515 2.982 .585 7.311 9.720 
DYN, B/W, HSV 25 7.862 1.964 .393 7.051 8.672 

Table G-VIII. Effect of Gender * Subject Pool on Color Error (p=.0486) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
female, arch 102 7.583 2.419 .239 7.108 8.058 
female, psych 126 9.822 3.246 .289 9.250 10.394 
male, arch 114 8.847 3.150 .295 8.262 9.431 
male, psych 114 8.693 2.835 .266 8.167 9.219 

Table G-IX. Effect of Slider Type * Subject Pool on Color Error (p=.0045) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA, arch 72 8.489 3.369 .397 7.697 9.281 
PLA, psych 80 9.517 3.283 .367 8.787 10.248 
STA, arch 72 8.038 2.303 .271 7.496 8.579 
STA, psych 80 9.877 3.238 .362 9.156 10.597 
DYN, arch 72 8.224 2.928 .345 7.536 8.912 
DYN, psych 80 8.463 2.603 .291 7.884 9.043 

Table G-X. Effect of Context * Gender on Color Error (p=.0219) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, female 114 9.228 3.100 .290 8.653 9.803 
CHR, male 114 9.507 3.080 .288 8.935 10.078 
B/W, female 114 8.413 3.072 .288 7.843 8.983 
B/W, male 114 8.033 2.719 .255 7.529 8.538 



Table G-XI. Effect of Context * Subject Pool * Color Space on Color Error (p=M59) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, arch, RGB 33 8.548 2.011 .350 7.835 9.261 
CHR, arch, OPP 36 9.372 3.663 .610 8.133 10.611 
CHR, arch, HSV 39 8.800 3.098 .496 7.795 9.804 
CHR, psych, RGB 42 9.115 4.057 .626 7.851 10.380 
CHR, psych, OPP 42 10.034 2.570 .397 9.233 10.835 
CHR, psych, HSV 36 10.245 2.197 .366 9.501 10.988 
B/W, arch, RGB 33 7.236 2.097 .365 6.492 7.979 
B/W, arch, OPP 36 8.032 3.106 .518 6.981 9.083 
B/W, arch, HSV 39 7.473 2.497 .400 6.663 8.283 
B/W, psych, RGB 42 9.030 3.877 .598 7.822 10.238 
B/W, psych, OPP 42 9.044 2.906 .448 8.138 9.949 
B/W, psych, HSV 36 8.233 1.862 .310 7.603 8.863 

Table G-XH. Effect of Context on Hue Error (/?=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 3.089 1.300 .086 2.919 3.258 
B/W 228 2.271 1.016 .067 2.139 2.404 

Table G-XHI. Effect of Context * Gender on Hue Error (p=.0308) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, female 114 2.987 1.120 .105 2.779 3.195 
CHR, male 114 3.191 1.456 .136 2.920 3.461 
B/W, female 114 2.307 .974 .091 2.126 2.488 
B/W, male 114 2.235 1.060 .099 2.039 2.432 

Table G-XIV. Effect of Slider Type * Subject Pool on Hue Error (p=.0024) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA, arch 72 2.555 1.394 .164 2.228 2.883 
PLA, psych 80 2.909 1.273 .142 2.625 3.192 
STA, arch 72 2.351 .917 .108 2.136 2.567 
STA, psych 80 3.100 1.307 .146 2.810 3.391 
DYN, arch 72 2.572 1.343 .158 2.256 2.888 
DYN, psych 80 2.536 .979 .109 2.318 2.754 



Table G-XV. Effect of Slider Type * Gender * Subject Pool * Color Space on Hue Error (/?=.0455) 

Count Mean Std. Dev. Std. Error 95% lower 95% upp 
PLA, female, arch, RGB 10 2.456 1.429 .452 1.434 3.479 
PLA, female, arch, OPP 12 2.346 .842 .243 1.811 2.881 
PLA, female, arch, HSV 12 2.266 .996 .287 1.634 2.899 
PLA, female, psych, RGB 16 3.177 1.456 .364 2.402 3.953 
PLA, female, psych, OPP 14 2.874 1.215 .325 2.172 3.575 
PLA, female, psych, HSV 12 2.963 1.084 .313 2.274 3.652 
PLA, male, arch, RGB 12 2.186 .672 .194 1.759 2.613 
PLA, male, arch, OPP 12 2.988 2.021 .583 1.704 4.272 
PLA, male, arch, HSV 14 2.998 1.814 .485 1.950 4.045 
PLA, male, psych, RGB 12 2.105 .901 .260 1.533 2.677 
PLA, male, psych, OPP 14 2.913 1.213 .324 2.212 3.613 
PLA, male, psych, HSV 12 3.336 1.501 .433 2.382 4.290 
STA, female, arch, RGB 10 2.199 .454 .143 1.875 2.524 
STA, female, arch, OPP 12 2.014 .760 .219 1.531 2.496 
STA, female, arch, HSV 12 2.179 .515 .149 1.851 2.506 
STA, female, psych, RGB 16 3.259 1.798 .450 2.301 4.218 
STA, female, psych, OPP 14 2.982 1.017 .272 2.395 3.569 
STA, female, psych, HSV 12 3.291 .610 .176 2.903 3.678 
STA, male, arch, RGB 12 2.636 .764 .221 2.151 3.122 
STA, male, arch, OPP 12 2.630 1.446 .417 1.711 3.548 
STA, male, arch, HSV 14 2.414 1.083 .289 1.788 3.039 
STA, male, psych, RGB 12 2.251 .832 .240 1.722 2.780 
STA, male, psych, OPP 14 3.227 1.496 .400 2.364 4.091 
STA, male, psych, HSV 12 3.537 1.345 .388 2.683 4.392 
DYN, female, arch, RGB 10 2.372 .808 .255 1.794 2.950 
DYN, female, arch, OPP 12 2.263 .970 .280 1.647 2.879 
DYN, female, arch, HSV 12 2.394 .748 .216 1.919 2.869 
DYN, female, psych, RGB 16 2.216 .848 .212 1.764 2.668 
DYN, female, psych, OPP 14 2.842 1.134 .303 2.187 3.497 
DYN, female, psych, HSV 12 3.037 .798 .230 2.530 3.545 
DYN, male, arch, RGB 12 2.046 .607 .175 1.660 2.432 
DYN, male, arch, OPP 12 3.225 2.505 .723 1.633 4.816 
DYN, male, arch, HSV 14 3.023 1.225 .327 2.316 3.730 
DYN, male, psych, RGB 12 2.166 .933 .269 1.573 2.758 
DYN, male, psych, OPP 14 2.209 .809 .216 1.742 2.677 
DYN, male, psych, HSV 12 2.857 1.080 .312 2.171 3.543 



Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA 152 4.922 2.086 .169 4.587 5.256 
STA 152 5.113 1.948 .158 4.801 5.426 
DYN 152 4.646 1.865 .151 4.347 4.945 

Table G-XVTI. Effect of Context on Chroma Error (p=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 5.189 1.990 132 4.929 5.448 
B/W 228 4.599 1.917 127 4.348 4.849 

Table G-XVHI. Effect of Gender * Subject Pool on Chroma Error (p=.0370) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
female, arch 102 4.190 1.619 .160 3.872 4.508 
female, psych 126 5.497 2.031 .181 5.139 5.855 
male, arch 114 4.982 2.093 .196 4.594 5.371 
male, psych 114 4.768 1.877 .176 4.419 5.116 

Table G-XLX. Effect of Slider Type * Gender on Chroma Error (p=.0349) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA, female 76 5.162 2.031 .233 4.698 5.627 
PLA, male 76 4.681 2.127 .244 4.195 5.167 
STA, female 76 5.112 2.129 .244 4.625 5.598 
STA, male 76 5.115 1.764 .202 4.712 5.518 
DYN, female 76 4.463 1.652 .189 4.085 4.840 
DYN, male 76 4.829 2.051 .235 4.360 5.298 

Table G-XX. Effect of Context * Subject Pool * Color Space on Chroma Error (p=.0076) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, arch, RGB 33 4.881 1.413 .246 4.380 5.382 
CHR, arch, OPP 36 5.338 2.515 .419 4.488 6.189 
CHR, arch, HSV 39 4.575 1.898 .304 3.960 5.190 
CHR, psych, RGB 42 4.882 2.187 .337 4.201 5.563 
CHR, psych, OPP 42 5.828 1.817 .280 5.262 6.394 
CHR, psych, HSV 36 5.597 1.687 .281 5.026 6.168 
B/W, arch, RGB 33 4.122 1.568 .273 3.566 4.678 
B/W, arch, OPP 36 4.637 2.119 .353 3.920 5.355 
B/W, arch, HSV 39 4.120 1.595 .255 3.603 4.637 
B/W, psych, RGB 42 5.087 2.663 .411 4.257 5.917 
B/W, psych, OPP 42 4.958 1.701 .263 4.428 5.488 
B/W, psych, HSV 36 4.526 1.311 .219 4.082 4.969 



Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA 152 1.696 .863 .070 1.558 1.834 
STA 152 1.579 .658 .053 1.473 1.684 
DYN 152 1.516 .597 .048 1.421 1.612 

Table G-XXE. Effect of Context on Intensity Error (/?=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 1.382 .592 .039 1.304 1.459 
BAV 228 1.812 .766 .051 1.712 1.912 

Table G-XXTII. Effect of Context * Color Space on Intensity Error (p=.0199) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, RGB 75 1.436 .763 .088 1.261 1.612 
CHR, OPP 78 1.443 .559 .063 1.317 1.569 
CHR, HSV 75 1.263 .385 .044 1.175 1.352 
BAV, RGB 75 2.064 .961 .111 1.843 2.286 
BAV, OPP 78 1.847 .660 .075 1.698 1.996 
BAV, HSV 75 1.524 .523 .060 1.404 1.645 

Table G-XXIV. Effect of Context on Slider Access (p=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 8.087 4.585 .304 7.489 8.686 
BAV 228 9.075 5.842 .387 8.313 9.837 

Table G-XXV. Effect of Context * Subject Pool * Color Space on Slider Access (p=.O088) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, arch, RGB 33 8.022 4.476 .779 6.435 9.610 
CHR, arch, OPP 36 7.270 3.090 .515 6.225 8.316 
CHR, arch, HSV 39 9.291 2.913 .466 8.347 10.235 
CHR, psych, RGB 42 8.290 6.367 .982 6.306 10.274 
CHR, psych, OPP 42 6.341 3.373 .521 5.290 7.392 
CHR, psych, HSV 36 9.460 5.524 .921 7.591 11.329 
BAV, arch, RGB 33 9.306 6.947 1.209 6.843 11.770 
BAV, arch, OPP 36 8.199 3.732 .622 6.936 9.462 
BAV, arch, HSV 39 9.417 2.144 .343 8.722 10.112 
BAV, psych, RGB 42 9.038 7.750 1.196 6.623 11.453 
BAV, psych, OPP 42 7.119 3.175 .490 6.129 8.108 
BAV, psych, HSV 36 11.695 7.971 1.328 8.998 14.391 



Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA 152 15.822 10.351 .840 14.164 17.481 
STA 152 14.052 8.662 .703 12.664 15.440 
DYN 152 12.842 9.670 .784 11.293 14.392 

Table G-XXVH. Effect of Gender on Slider Time (p=.0267) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
female 228 12.114 8.842 .586 10.960 13.268 
male 228 16.364 9.957 .659 15.065 17.663 

Table G-XXVTII. Effect of Color Space on Color Convergence (p=.0021) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
RGB 150 .543 .258 .021 .501 .585 
OPP 156 .401 .165 .013 .375 .427 
HSV 150 .550 .250 .020 .510 .590 

Table G-XXIX. Effect of Slider Type on Color Convergence (/>=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA 152 .578 .268 .022 .535 .620 
STA 152 .492 .235 .019 .454 .530 
DYN 152 .420 .173 .014 .392 .448 

Table G-XXX. Effect of Context on Color Convergence (/>=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 .519 .252 .017 .486 .552 
B/W 228 .474 .220 .015 .446 .503 

Table G-XXXI. Effect of Slider Type * Color Space on Color Convergence (p=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA, RGB 50 .635 .273 .039 .557 .712 
PLA, OPP 52 .436 .184 .026 .384 .487 
PLA, HSV 50 .668 .280 .040 .588 .747 
STA, RGB 50 .623 .254 .036 .551 .695 
STA, OPP 52 .391 .155 .021 .348 .434 
STA, HSV 50 .466 .229 .032 .401 .531 
DYN, RGB 50 .371 .135 .019 .332 .409 
DYN, OPP 52 .376 .153 .021 .334 .419 
DYN, HSV 50 .515 .190 .027 .461 .569 



Table G-XXXE. Effect of Color Space on Hue Convergence (p=.0l 10) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
RGB 150 .311 .244 .020 .272 .351 
OPP 156 .235 .137 .011 .214 .257 
HSV 150 .335 .157 .013 .310 .360 

Table G-XXXm. Effect of Slider Type on Hue Convergence (p=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA 152 .342 .186 .015 .312 .371 
STA 152 .298 .225 .018 .262 .334 
DYN 152 .240 .132 .011 .219 .261 

Table G-XXXTV. Effect of Context on Hue Convergence (p=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 .313 .215 .014 .285 .341 
BAV 228 .274 .158 .010 .253 .294 

Table G-XXXV. Effect of Slider Type * Color Space on Hue Convergence (p=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA, RGB 50 .364 .177 .025 .314 .415 
PLA, OPP 52 .263 .190 .026 .210 .315 
PLA, HSV 50 .401 .166 .023 .354 .448 
STA, RGB 50 .400 .336 .047 .304 .495 
STA, OPP 52 .218 .082 .011 .196 .241 
STA, HSV 50 .279 .137 .019 .240 .318 
DYN, RGB 50 .170 .080 .011 .147 .193 
DYN, OPP 52 .225 .117 .016 .193 .258 
DYN, HSV 50 .325 .143 .020 .285 .366 

Table G-XXXVI. Effect of Context * Subject Pool on Hue Convergence (p=.0489) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, arch 108 .296 .159 .015 .266 .327 
CHR, psych 120 .328 .255 .023 .282 .374 
BAV, arch 108 .275 .149 .014 .246 .303 
BAV, psych 120 .272 .166 .015 .242 .302 



Table G-XXXVII. Effect of Context * Gender * Color Space on Hue Convergence (p=.0174) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, female, RGB 39 .378 .336 .054 .269 .487 
CHR, female, OPP 39 .224 .084 .013 .196 .251 
CHR, female, HSV 36 .356 .192 .032 .291 .421 
CHR, male, RGB 36 .294 .207 .035 .224 .364 
CHR, male, OPP 39 .278 .210 .034 .210 .346 
CHR, male, HSV 39 .349 .148 .024 .301 .397 
B/W, female, RGB 39 .303 .218 .035 .232 .374 
B/W, female, OPP 39 .229 .121 .019 .189 .268 
B/W, female, HSV 36 .329 .152 .025 .277 .380 
B/W, male, RGB 36 .266 .173 .029 .207 .324 
B/W, male, OPP 39 .210 .092 .015 .181 .240 
B/W, male, HSV 39 .308 .132 .021 .265 .351 

Table G-XXXVUJ. Effect of Color Space on Chroma Convergence (p=.0010) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
RGB 150 .258 .090 .007 .244 .273 
OPP 156 .266 .093 .007 .251 .280 
HSV 150 .352 .180 .015 .323 .381 

Table G-XXXIX. Effect of Slider Type on Chroma Convergence (p=.0056) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA 152 .298 .104 .008 .281 .314 
STA 152 .306 .147 .012 .283 .330 
DYN 152 .271 .146 .012 .248 .294 

Table G-XL. Effect of Context on Chroma Convergence (p=.0003) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 .304 .142 .009 .285 .322 
B/W 228 .280 .125 .008 .263 .296 



Table G-XLI. Effect of Slider Type * Context * Color Space on Chroma Convergence (p=.0066) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA, CHR, RGB 25 .280 .086 .017 .245 .315 
PLA, CHR, OPP 26 .320 .124 .024 .270 .370 
PLA, CHR, HSV 25 .336 .113 .023 .289 .383 
PLA, BAV, RGB 25 .246 .055 .011 .224 .269 
PLA, BAV, OPP 26 .265 .088 .017 .229 .300 
PLA, BAV, HSV 25 .338 .114 .023 .291 .385 
STA, CHR, RGB 25 .303 .090 .018 .266 .341 
STA, CHR, OPP 26 .263 .078 .015 .231 .294 
STA, CHR, HSV 25 .415 .248 .050 .312 .517 
STA, BAV, RGB 25 .252 .075 .015 .221 .283 
STA, BAV, OPP 26 .266 .085 .017 .232 .300 
STA, BAV, HSV 25 .343 .162 .032 .276 .410 
DYN, CHR, RGB 25 .229 .083 .017 .195 .264 
DYN, CHR, OPP 26 .242 .091 .018 .205 .279 
DYN, CHR, HSV 25 .349 .184 .037 .273 .425 
DYN, BAV, RGB 25 .237 .123 .025 .187 .288 
DYN, BAV, OPP 26 .239 .070 .014 .210 .267 
DYN, BAV, HSV 25 .332 .220 .044 .242 .423 

Table G-XLII. Effect of Context * Gender * Subject Pool * Color Space on Chroma Convergence (p=.0424) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR, female, arch, RGB 15 .260 .067 .017 .223 .298 
CHR, female, arch, OPP 18 .278 .081 .019 .238 .318 
CHR, female, arch, HSV 18 .303 .078 .018 .264 .342 
CHR, female, psych, RGB 24 .301 .107 .022 .256 .347 
CHR, female, psych, OPP 21 .245 .090 .020 .204 .286 
CHR, female, psych, HSV 18 .479 .311 .073 .324 .634 
CHR, male, arch, RGB 18 .276 .086 .020 .233 .319 
CHR, male, arch, OPP 18 .232 .074 .017 .195 .268 
CHR, male, arch, HSV 21 .340 .099 .022 .295 .385 
CHR, male, psych, RGB 18 .235 .079 .019 .195 .274 
CHR, male, psych, OPP 21 .339 .127 .028 .281 .397 
CHR, male, psych, HSV 18 .349 .157 .037 .271 .427 
BAV, female, arch, RGB 15 .212 .069 .018 .174 .250 
BAV, female, arch, OPP 18 .240 .074 .017 .203 .277 
BAV, female, arch, HSV 18 .305 .093 .022 .259 .352 
BAV, female, psych, RGB 24 .291 .113 .023 .243 .339 
BAV, female, psych, OPP 21 .277 .075 .016 .243 .311 
BAV, female, psych, HSV 18 .451 .289 .068 .308 .595 
BAV, male, arch, RGB 18 .251 .058 .014 .222 .280 
BAV, male, arch, OPP 18 .228 .065 .015 .196 .260 
BAV, male, arch, HSV 21 .295 .077 .017 .260 .330 
BAV, male, psych, RGB 18 .206 .057 .014 .178 .235 
BAV, male, psych, OPP 21 .274 .099 .022 .229 .319 
BAV, male, psych, HSV 18 .307 .083 .020 .265 .348 



Table G-XLIQ. Effect of Color Space on Intensity Convergence (p=.0001) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
RGB 150 
OPP 156 
HSV 150 

.515 

.324 

.825 

.230 .019 .478 .552 

.136 .011 .302 .345 

.423 .035 .756 .893 

Table G-XLIV. Effect of Slider Type on Intensity Convergence (/?=.0004) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA 152 
STA 152 
DYN 152 

.623 

.504 

.527 

.421 

.292 

.326 

.034 .556 .690 

.024 .457 .550 

.026 .475 .579 

Table G-XLV. Effect of Context on Intensity Convergence (p=.0095) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
CHR 228 
B/W 228 

.574 

.528 
.387 
.315 

.026 .524 .625 

.021 .487 .569 

Table G-XLVI. Effect of Slider Type * Color Space on Intensity Convergence (/?=.0071) 

Count Mean Std. Dev. Std. Error 95% lower 95% upper 
PLA, RGB 50 .586 .241 .034 .518 .655 
PLA, OPP 52 .339 .168 .023 .292 .386 
PLA, HSV 50 .955 .509 .072 .810 1.100 
STA, RGB 50 .507 .208 .029 .448 .566 
STA, OPP 52 .322 .114 .016 .291 .354 
STA, HSV 50 .689 .368 .052 .584 .793 
DYN, RGB 50 .451 .223 .031 .388 .515 
DYN, OPP 52 .309 .121 .017 .276 .343 
DYN, HSV 50 .830 .335 .047 .735 .925 



A P P E N D I X H 

C O M P L E X I N T E R A C T I O N S 



I CHR 1 I B/W 1 

Fig H-2. Color error: interaction between context, subject pool, and color space. 

FigH-3. Hue error: interaction between slider type, gender, subject pool, and color 
space. 



I CHR 1 I BAV 1 

Fig H-4. Chroma error: interaction between context, subject pool, and color space. 

I CHR 1 I BAV 1 

Fig H-5. Slider access: interaction between context, subject pool, and color space. 

CHR 1 I BAV 

Fig H-6. Hue convergence: interaction between context, gender, and color space. 
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I CHR 1 I B/W 1 

Fig H-7. Chroma convergence: interaction between context, gender, subject pool, and 
color space. 

PLA 1 I STA 1 I DYN 1 

Fig H-8. Chroma convergence: interaction between slider type, context, and color space. 



A P P E N D I X I 

C O R R E L A T I O N T A B L E S 



match color hue chroma intensity slider slider color hue chroma 
time error error error error time access SPT converg. converg. 

color 
error -.579 

hue 
error -.514 .793 

chroma 
error -.565 .938 .696 

intensity 
error -.243 .648 .508 .537 

slider 
time .849 -.556 -.540 -.518 -.408 

slider 
access .783 -.401 -.354 -.375 -.010 .404 

color 
converg. -.372 .312 .209 .279 .226 -.236 -.277 

hue 
converg. -.348 .097 .033 .180 .021 -.243 -.261 .804 

chroma 
converg. -.134 .103 .024 .052 .222 -.035 -.117 .806 .693 

intensity 
converg. -.446 .329 .143 .321 .142 -.342 -.274 .744 .623 .625 

• 

Table I-H. Correlation Coefficients for Treatment RGB, DYN, BAV (n= 25) 

match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.507 

hue 
error -.584 .812 

chroma 
error -.513 .958 .748 

intensity 
error -.257 .824 .614 .704 

slider 
time .492 -.403 -.498 -.316 -.355 

slider 
access .852 -.349 -.348 -.410 -.090 .072 

color 
converg. -.240 .448 .115 .410 .435 -.155 -.144 

hue 
converg. -.068 .020 -.223 .041 .133 .087 -.109 .724 

chroma 
converg. -.080 .187 -.215 .165 .171 .016 -.079 .825 .549 

intensity 
converg. -.508 .826 .644 .741 .729 -.300 -.349 .574 .143 .352 



match 
time 

color 
error 

hue 
error 

chroma 
error 

intensity 
error 

slider 
time 

slider 
access 

color hue 
converg. converg. 

chroma 
converg. 

color 
error -.556 

hue 
error -.428 .910 

chroma 
error -.448 .881 .715 

intensity 
error -.529 .783 .728 .492 

slider 
time .876 -.491 -.365 -.401 -.497 

< 

slider 
access .688 -.442 -.347 -.349 -.415 .300 

color 
converg. -.377 .566 .446 .526 .358 -.288 -.261 

hue 
converg. -.179 .690 .717 .580 .513 -.187 -.112 .635 

chroma 
converg. -.030 -.096 .021 -.216 -.044 .080 .034 .498 .207 

intensity 
converg. -.386 .380 .220 .286 .420 -.277 -.394 .471 .201 -.011 

Table I-IV. Correlation Coefficients for Treatment RGB, STA, B/W (n=25) 

match 
time 

color 
error 

hue 
error 

chroma 
error 

intensity 
error 

slider 
time 

slider 
access 

color hue 
converg. converg. 

chroma 
converg. 

color 
error -.678 

hue 
error -.641 .868 

chroma 
error -.605 .953 .711 

intensity 
error -.673 .798 .740 .700 

slider 
time .953 -.673 -.617 -.587 -.684 

slider 
access .806 -.597 -.585 -.564 -.518 .672 

color 
converg. -.632 .812 .613 .808 .585 -.623 -.408 

hue 
converg. -.340 .588 .505 .593 .435 -.305 -.256 .668 

chroma 
converg. -.059 -.169 -.114 -.230 -.070 .032 .056 .089 -.041 

intensity 
converg. -.386 .224 .099 .270 .295 -.356 -.551 .173 .134 .025 



match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.548 

hue 
error -.578 .875 

chroma 
error -.586 .950 .801 

intensity 
error -.146 .778 .591 .690 

slider 
time .896 -.538 -.618 -.555 -.209 

slider 
access .656 -.308 -.143 -.376 .018 .317 

color 
converg. -.628 .484 .457 .443 .287 -.561 -.325 

hue 
converg. -.467 .346 .399 .326 .197 -.451 -.147 .821 

chroma 
converg. -.341 -.103 -.041 -.116 -.165 -.223 -.220 .706 .581 

intensity 
converg. -.340 .488 .381 .404 .349 -.312 -.201 .620 .722 .274 

Table I-VI. Correlation Coefficients for Treatment RGB, PLA, BAV (n= 25) 

match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.216 

hue 
error .279 .518 

chroma 
error .417 .723 .688 

intensity 
error .533 .504 .503 .036 

slider 
time .239 .769 -.218 .362 -.534 

slider 
access -.437 .387 .327 .526 -.196 .210 

color 
converg. -.332 -.583 .190 -.011 -.099 .039 -.508 

hue 
converg. .631 -.331 .590 .653 -.493 -.233 -.102 -.337 

chroma 
converg. .910 .515 .168 .427 -.275 -.210 -.596 -.318 -.226 

intensity 
converg. -.117 .747 -.466 .441 -.279 -.145 -.462 -.468 .757 .692 



match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.743 

hue 
error -.508 .876 

chroma 
error -.715 .910 .692 

intensity 
error -.684 .812 .687 .744 

slider 
time .751 -.591 -.405 -.525 -.653 

slider 
access .912 -.656 -.429 -.680 -.507 .539 

color 
converg. -.592 .449 .314 .454 .352 -.377 -.698 

hue 
converg. -.526 .505 .446 .389 .438 -.302 -.589 .812 

chroma 
converg. -.262 .210 .154 .171 .069 -.085 -.436 .800 .611 

intensity 
converg. -.651 .648 .545 .660 .586 -.468 -.745 .774 .671 .496 

Table I-VIH. Correlation Coefficients for Treatment OPP, DYN, B/W (n=26) 

match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.651 

hue 
error -.531 .925 

chroma 
error -.463 .903 .806 

intensity 
error -.690 .711 .583 .534 

slider 
time .942 -.577 -.442 -.376 -.667 

slider 
access .761 -.574 -.508 -.436 -.415 .623 

color 
converg. -.598 .336 .274 .288 .118 -.459 -.586 

hue 
converg. -.353 .398 .417 .313 .112 -.262 -.324 .655 

chroma 
converg. -.478 .154 .072 .119 -.008 -.359 -.615 .822 .322 

intensity 
converg. -.568 .469 .461 .375 .279 -.456 -.614 .688 .558 .553 



match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.707 

hue 
error -.687 .868 

chroma 
error -.560 .865 .671 

intensity 
error -.601 .598 .535 .460 

slider 
time .907 -.641 -.611 -.501 -.646 

slider 
access .817 -.685 -.663 -.540 -.558 .613 

color 
converg. -.601 .513 .657 .297 .472 -.553 -.545 

hue 
converg. -.406 .419 .473 .376 .390 -.312 -.539 .605 

chroma 
converg. -.570 .393 .499 .181 .404 -.477 -.573 .818 .510 

intensity 
converg. -.647 .561 .591 .536 .453 -.508 -.628 .676 .457 .509 

Table I-X. Correlation Coefficients for Treatment OPP, STA, B/W (n=26) 

match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.629 

hue 
error -.631 .899 

chroma 
error -.494 .891 .759 

intensity 
error -.452 .750 .614 .526 

slider 
time .955 -.610 -.586 -.461 -.540 

slider 
access .861 -.674 -.671 -.561 -.410 .743 

color 
converg. -.530 .569 .494 .603 .391 -.494 -.635 

hue 
converg. -.445 .598 .557 .599 .268 -.331 -.652 .792 

chroma 
converg. -.582 .660 .653 .600 .506 -.550 -.706 .781 .711 

intensity 
converg. -.438 .420 .358 .533 .264 -.447 -.420 .706 .465 .422 



match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.658 

hue 
error -.539 .877 

chroma 
error -.610 .910 .738 

intensity 
error -.571 .791 .619 .737 

slider 
time .906 -.597 -.486 -.584 -.545 

slider 
access .821 -.528 -.429 -.447 -.379 .548 

color 
converg. -.530 .370 .292 .268 .225 -.412 -.532 

hue 
converg. -.231 .340 .293 .261 .063 -.165 -.231 .815 

chroma 
converg. -.606 .279 .280 .204 .152 -.488 -.649 .593 .263 

intensity 
converg. -.400 .394 .439 .248 .195 -.295 -.441 .826 .769 .506 

Table I-XII. Correlation Coefficients for Treatment OPP, PLA, BAV (n=26) 

match 
time 

color 
error 

hue 
error 

chroma 
error 

intensity 
error 

slider 
time 

slider 
access 

color 
converg. 

hue 
converg. 

chroma 
converg. 

color 
error -.728 

hue 
error -.656 .927 

chroma 
error -.660 .917 .814 

intensity 
error -.619 .861 .738 .753 

slider 
time .909 -.583 -.533 -.517 -.472 

slider 
access .659 -.680 -.594 -.656 -.623 .319 

color 
converg. -.542 .426 .453 .454 .293 -.430 -.449 

hue 
converg. -.427 .292 .333 .374 .275 -.380 -.275 .795 

chroma 
converg. -.431 .321 .353 .400 .094 -.385 -.350 .683 .391 

intensity 
converg. -.447 .565 .692 .541 .384 -.338 -.448 .672 .502 .711 



match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.333 

hue 
error -.281 .864 

chroma 
error -.364 .895 .649 

intensity 
error -.256 .615 .580 .597 

slider 
time .860 -.382 -.415 -.304 -.259 

slider 
access .716 -.154 -.118 -.332 -.332 .399 

color 
converg. -.219 .238 .171 .248 .526 .000 -.438 

hue 
converg. -.176 .346 .346 .317 .550 .017 -.425 .923 

chroma 
converg. -.181 .232 .197 .201 .473 -.071 -.256 .810 .728 

intensity 
converg. -.472 .557 .356 .625 .535 -.311 -.515 .600 .470 .532 

Table J-XIV. Correlation Coefficients for Treatment HSV, DYN, B/W (n= =25) 

match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.422 

hue 
error -.446 .749 

chroma 
error -.253 .909 .487 

intensity 
error -.379 .610 .564 .468 

slider 
time .848 -.370 -.360 -.261 -.235 

slider 
access .419 .066 -.236 .023 -.304 .009 

color 
converg. -.219 .444 .457 .357 .530 .033 -.422 

hue 
converg. -.068 .315 .366 .219 .423 .164 -.360 .931 

chroma 
converg. -.176 .286 .343 .228 .335 -.009 -.321 .851 .860 

intensity 
converg. -.232 .316 .549 .208 .458 -.082 -.480 .525 .323 .216 



match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.454 

hue 
error -.358 .709 

chroma 
error -.352 .882 .442 

intensity 
error -.454 .441 -.030 .527 

slider 
time .886 -.324 -.316 -.141 -.275 

slider 
access .440 -.423 -.200 -.529 -.410 .156 

color 
converg. -.214 .530 .095 .502 .417 -.115 -.374 

hue 
converg. -.195 .563 .080 .594 .411 -.069 -.517 .884 

chroma 
converg. -.107 .641 .215 .646 .333 -.021 -.409 .808 .889 

intensity 
converg. -.298 .407 .081 .380 .482 -.202 -.415 .871 .652 .525 

Table I-XVI. Correlation Coefficients for Treatment HSV, STA, BAV (n=25) 

match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.467 

hue 
error -.425 .749 

chroma 
error -.313 .873 .468 

intensity 
error -.366 .724 .442 .581 

slider 
time .856 -.505 -.441 -.358 -.282 

slider 
access .399 -.227 -.102 -.207 -.350 .047 

color 
converg. -.442 .288 .207 .119 .015 -.303 -.380 

hue 
converg. -.452 .481 .383 .335 .270 -.262 -.390 .882 

chroma 
converg. -.330 .663 .462 .534 .330 -.348 -.186 .739 .817 

intensity 
converg. -.330 .110 .087 -.110 .104 -.179 -.494 .644 .376 .272 



match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.602 

hue 
error -.590 .847 

chroma 
error -.422 .807 .529 

intensity 
error -.434 .579 .316 .614 

slider 
time .898 -.519 -.432 -.438 -.366 

slider 
access .571 -.311 -.504 -.080 -.171 .263 

color 
converg. -.064 .417 .314 .486 .301 -.030 .006 

hue 
converg. -.008 .296 .187 .436 .326 -.010 -.007 .880 

chroma 
converg. -.121 .149 .082 .231 .274 -.186 -.165 .050 .169 

intensity 
converg. -.269 .578 .504 .542 .485 -.144 -.307 .697 .634 .048 

Table I-XVHI. Correlation Coefficients for Treatment HSV, PLA, B/W (n= =25) 

match color hue chroma intensity slider slider color hue chroma 
time error error error error time access converg. converg. converg. 

color 
error -.461 

hue 
error -.233 .835 

chroma 
error -.390 .912 .693 

intensity 
error -.471 .792 .722 .666 

slider 
time .794 -.461 -.328 -.386 -.499 

slider 
access .624 -.182 -.009 -.167 -.143 .098 

color 
converg. -.169 .576 .566 .654 .545 -.105 -.120 

hue 
converg. -.207 .527 .536 .624 .499 -.195 -.049 .893 

chroma 
converg. -.253 .422 .349 .318 .414 -.327 -.048 .116 .268 

intensity 
converg. -.212 .552 .494 .581 .532 -.019 -.337 .862 .687 .027 



A P P E N D I X J 

PARTICIPANT C O M M E N T S 



Session 1 Comments 

The comments are arranged by treatment (color space and slider type), and then by group (subject pool and 
gender). The questions being asked of the participants, and referred to below, are: 
i . "Did you have any difficulty understanding the instructions?" 
a. "Any other comments on the experiment?" 

RGB space 
PLAIN sliders 

Architecture, Male 
DBLAS a. I wasn't paying too much attention to it, but some of the color set-ups seemed 

predictable, [diagram] like giving exactly equal amounts to two colors. Maybe 
my matches were wrong, but it seemed that lots of the colors weren't mixed with 
enough varied amounts of color. 

CHLAU a. Why circle? Why not have something interesting 1) flower, 2) animal, 3) other 
shape. 

Architecture, Female 
SSED3 a. It was easier to use the computer to match the colors because you could see the 

colors change before your eyes. On the other hand, the first page of this 
questionnaire was much more difficult to think about where the bars should be to 
make the colors because you couldn't see the colors change in front of you. 

JGONZ 
Psychology, Male 

DIHRI 
MSTAN a. It was neat, interesting and fun. 
MFLET 

Psychology, Female 
SSHIP a. Interesting! 
PSHEL 

STATIC sliders 
Architecture, Male 

JDRAW 
RBRAS a. Sometimes I knew what was going on (as far as the color bars) and sometimes it 

was trial and error. 
Architecture, Female 

WROUS 
BWILL 

Psychology, Male 
RCHAS a. I understood fairly well how the system worked, but not perfectly. 
KPAUL 

Psychology, Female 
KSCHA 
MESTR 

DYNAMIC sliders 
Architecture, Male 

MCLEV a. It was only on certain colors that I could not adjust colors properly. Another 
factor that I did not remember until half-way through is that white is a 
combination of colors and black is the absence of color. I find this to be reversed 
in my everyday experiences. 

SFRAN 
Architecture, Female 

KMAY- a. You need a countdown on the number of experiments left. 
AALVA 



Psychology, Male 
YPAEK 
MSRIS a. Sometimes, I cannot adjust the value of the properties to create the matching 

colors that I satisfy. I mean that I adjust to create the very closed colors of the 
colors that the computer gave, but I don't think that colors are the matching color 
and I cannot find the right values of the properties to create the ones that I think 
it should be matched. 

Psychology, Female 
KB EAR 
CDOWN 
SHAYN a. My eyes hurt! 
AGENT 

OPP space 
PLAIN sliders 

Architecture, Male 
JSCHR a. It seemed many similar colors were repeated - just my perception. The printed 

colors are awful! 
JRIVE 

Architecture, Female 
YZISS a. The program would be nice if the bars had a default strip so that you could go 

back to it if you didn't like the change you made. 
JVONC 

Psychology, Male 
GGUPT a. Tiring on the eyes. Wonderful computer! Need more of a break in the middle. 
KBAUE 

Psychology, Female 
CTRIN 
JEEND 

STATIC sliders 
Architecture, Male 

GGUID 
BTRAF a. Had trouble on certain pastels. 

Architecture, Female 
LGONZ 
PBUCH 

Psychology, Male 
ALGIL a. Good range of colors tested on! 
NMIRG 

Psychology, Female 
JHARL 
JSTEA a. Experienced eye fatigue for the last set. 
RSMIT 

DYNAMIC sliders 
Architecture, Male 

CHERR a. Pretty fun, not boring. 
DMURC 

Architecture, Female 
JPHEL a. The subtle shades were very hard to duplicate. 
LMINO a. I think that this is a great time saving system! 

Psychology, Male 
PNEWS 
TPICA 
JWISS 

Psychology, Female 
SJACK 
ZSAUL 



HSV space 
PLAIN sliders 

Architecture, Male 
BREST 
SPEAC 

Architecture, Female 
MLEE-
STMAY a. The setup and instructions are very easy to follow and clear. 

Psychology, Male 
MFULB 
RMATT i . Not really, I had to read them about three times, 

a. Hard work on the eyes. 
Psychology, Female 

KBEAD 
MBOSA 

STATIC sliders 
Architecture, Male 

BROTH 
PSTEI a. It is difficult to do without glasses on, my glasses are not perfectly clear and if I 

left them on, it would distort the results. 
CSEBE a. My predictions on darker colors were incorrect and difficult to match up. 

Architecture, Female 
CHATC 
KKINN a. It was fun! 

Psychology, Male 
JBARR 
BBEVE a. Pretty neat. 

Psychology, Female 
KHUBL 
JERNS 

DYNAMIC sliders 
Architecture, Male 

TYANG 
SHALL i . The first page of this questionnaire was difficult, as I was watching the color of 

the circle, not the bars when adjusting the color. When the bars are blank, I 
cannot remember exactly where the colors are located. 

Architecture, Female 
THARN a. On page 1 of this questionnaire, I don't really remember which sides of the value 

was lighter or darker or the order of the colors - sorry. I used the monitor's colors 
and didn't even think to remember it. 

STCOE 
Psychology, Male 

JSMIT 
AROJU 
MCROC 

Psychology, Female 
COCON 
LIDAY 



Session 2 Comments 

The comments are arranged by treatment (color space and slider type), and then by slider ordering between 
sessions 1 and 2, and then by group (subject pool and gender). The questions being asked of the participants, 
and referred to below, are: 
i . "Did you have any difficulty understanding the instructions?" 
a. "If you recall the first session, what differences did you notice between this color matching system and the 

one you used last time?" 
b. "Do you like this system more or less than the system you used during the first session? Why?" 
c. "Any other comments on the experiment?" 

RGB space 
PLAIN sliders (Static for first session) 

Architecture, Male 
RBRAS a. I understood the system better. I was able to match the colors a little faster, 

b. The systems seemed the same to me. 
Architecture, Female 

BWILL a. The backgrounds were switched on the two parts (1st session b&w background 
was first). 

b. Didn't notice a difference. 
c. Al l colors are easy to match except for shades of red. 

Psychology, Male 
KPAUL a. I didn't notice any differences in format, but I found the second set of matches 

this time was considerably more difficult than the first time, 
b. I didn't see any difference. 

Psychology, Female 
KSCHA a. Color background was first, 

b. Same. 

PLAIN sliders (Dynamic for first session) 
Architecture, Male 

SFRAN a. The first few practice examples my reaction time was slow, but other than that I 
notice no difference, 

b. I liked them both. 
Architecture, Female 

AALVA a. Had to rely on memory a great deal more. Used trial and error method. 
b. The first system was more to my liking for the color boxes helped a great deal. 

Psychology, Male 
MSRIS a. First time, it is more difficult. 

b. More, I feel more comfortable. 
Psychology, Female 

KBEAR a. Not much of a difference. I had to mix the colors a little different, 
b. They are both the same to me! Fun to use :-) 

STATIC sliders (Plain for first session) 
Architecture, Male 

DBLAS a. Backgrounds were switched. Some colors that were back-to-back were very 
close to same color. 

b. Less. For some reason, after matching on mixed background, it was harder to 
mix on checkered background. It seems like I took more time to fine tune colors 
than the first time. 

Architecture, Female 
SSIEB a. I could match the colors faster than last time, but it looked like the same format. 

b. I like this one better because I was quicker in matching the colors. It was easier. 
My eyes were less strained. 



Psychology, Male 
MFLET a. First time used black&white squares then colored, second the other way around. 

b. I like this system simply because I knew what was going to be expected. 
DIHRI a. The slide bars had the shades of the colors showing. 

b. More because the shades I was mixing were on the slide bars. This made it easier 
to predict what the outcome would be. 

Psychology, Female 
PSHEL a. The change in background on the first went from black to colors and this from 

colors to black and white, 
b. This one because it seemed easier to compare colors whereas the last one the 

colored background seemed harder in comparison to the first black background. 

STATIC sliders (Dynamic for first session) 
Architecture, Male 

MCLEV a. B&W backgrounds was last the first time. 
b. I liked the first test better, it seemed easier. 

Architecture, Female 
KMAY- a. I didn't notice any differences, the process of matching seemed easier, but I 

assumed it was because I was more familiar with the experiment. 
b. I liked this experiment more. 
c. Last time I really focused on getting the colors *exact*, this time I focused more 

on the process of getting the colors to match. 
Psychology, Male 

YPAEK a. The boxes were colored differently. 
b. Neither. 

Psychology, Female 
AGENT a. Nothing. 

b. It's the same to me. 
CDOWN a. I felt much more comfortable this time and it was much easier to make the 

colors. I also felt more comfortable with the system, because I knew what was 
expected of me. 

b. Same. 
SHAYN a. I didn't see much difference 

b. Both were same to me. 

DYNAMIC sliders (Plain for first session) 
Architecture, Male 

CHLAU a. This experiment was easier to match color. It takes the guessing out and allows 
you to see what happens when you change one color, 

b. More, easier to use. 
Architecture, Female 

JGONZ a. The colors in the bars. 
b. This one because it was easier to find the match. 

Psychology, Male 
MSTAN a. Each time you moved a bar color, the color choice would appear on the bar. 

b. Yes, it was easier and faster. 
Psychology, Female 

SSHIP a. This time it was much easier - indicating the color level (within each color bar) 
helped tremendously in determining which colors and the amount of individual 
colors to use. 

b. Much more - easier and more efficient. Saves time because there is much less 
trial and error involved. 

c. I liked the 2nd one a lot better - the first experiment was very frustrating to me. 

DYNAMIC sliders (Static for first session) 
Architecture, Male 

JDRAW a. The first one seemed to be using the darker and lighter color properties, while 
this one seemed to be using the actual amount of color, 

b. More, it seemed easier to match the colors the second time. 



Architecture, Female 
WROUS a. Before when the bars were in the center, the color was red, green, or blue. This 

time the bars had to be at the left. 
b. Less. I wasn't sure where to start on this one. 
c. I did like the aspect of this one that allowed me to see the color bars changing 

and that helped as I got closer to the color. 
Psychology, Male 

RCHAS a. This one was more difficult to use at first, then it became easier to use than the 
previous system. 

b. It is easier to use once you get used to it, but it makes less intuitive sense. 
Psychology, Female 

MESTR a. The color bars changed color as you moved the mouse. 
b. I liked it better because it was easier to find the color I was trying to create. 

OPP space 
PLAIN sliders (Static for first session) 

Architecture, Male 
BTRAF a. Colors seemed darker, 

b. Either. 
Architecture, Female 

LGONZ a. This time it seemed to be a little harder for me to match the colors almost 
exactly. On some it was easy, but on others it was more difficult, 

b. I think even though it was a little more difficult, I liked this one better because it 
was more challenging. 

Psychology, Male 
ALGIL a. Different hues, more combinations, 

b. Same, just had to think more. 
Psychology, Female 

RSMIT a. The color bar harder to control. I also liked seeing the color on the bars. 
b. Less - it seemed to me that the other system gives better color to match them 

with. 
JHARL a. The bars did not have the colors on them and also the 1st background screen was 

multicolored unlike last time, 
b. Less because there was no color on the bars. 

PLAIN sliders (Dynamic for first session) 
Architecture, Male 

DMURC a. None, with the exception that the multicolored backgrounds came 1st. 
Architecture, Female 

JPHEL a. The backgrounds were reversed (b&w 1st, color 2nd). 
b. The color background bothered me more than during the first session. 

Psychology, Male 
TPICA a. The color bars were blank. 

b. Both systems worked equally well with me. 
JWISS a. Not much of a difference. Felt a little easier the 2nd time, 

b. No. 
Psychology, Female 

ZSAUL a. The bars did not have colors on them this time. 
b. Less - because it was easier to create colors by looking at the colored bars. 

STATIC sliders (Plain for first session) 
Architecture, Male 

JRIVE a. Harder the 2nd time. Color got mixed up sometimes with the background, 
b. No. The first system was a little easier. 

Architecture, Female 
JVONC a. The color bars were graded instead of solid. 

b. About the same. Although the grading on the bars did help a little, it did not 
make a substantial difference 

c. The lighting in the room makes it difficult to focus without straining my eyes -
especially on the first part of the exit questionnaire. 



Psychology, Male 
GGUPT a. First one - color checkered. Second one - black&white. (reversed in front) 

b. This one, the colored background helped me identify colors more accurately, and 
thus the B&W was easier also. 

Psychology, Female 
JEEND a. The red-green, blue-yellow, and black-white bars were colored this time, which, 

I think, made it easier to imagine the color you were trying to match. It also 
seemed there was something different about the backgrounds than before, but 
I'm not sure. 

b. I liked this one more, because the scales were colored. This made matching a lot 
easier and faster. 

STATIC sliders (Dynamic for first session) 
Architecture, Male 

CHERR a. Some seemed a little more difficult to create a match, 
b. Same. 

Architecture, Female 
LMINO a. These colors were more pale and slightly more difficult. They used black and 

white much more, 
b. I feel about the same about both of the systems. 

Psychology, Male 
PNEWS a. On the first session, the color bars changed colors when you moved the cursor in 

them. 
b. More, because the colors of the bars did not change. 
c. With this system, color matching is done easier and more rapidly. 

Psychology, Female 
SJACK a. Can't remember. 

b.N/A 

DYNAMIC sliders (Plain for first session) 
Architecture, Male 

JSCHR a. I don't remember the bars changing colors in the 1st session. A few of the colors 
seemed more challenging; were they the same? 

b. I was excited by the color changing bars but didn't rely on them very much in 
matching. I think they would be helpful in color 'creation'. 

Architecture, Female 
YZISS a. You could start matching on the bars. You could tell if you were headed in the 

right direction by how the bars changed color, 
b. I think I like it a little more. When matching on the colored background, your 

eyes try to play tricks on you. This helps your eyes a little. 
Psychology, Male 

KBAUE a. It showed the color gradients on the bars. The background sessions were 
reversed. 

b. More. I could know for sure which bar needed to be moved, how much. I noticed 
that even though the color gradients were available, I rarely look down on them 
for reference. 

Psychology, Female 
CTRIN a. Each color set was dependent on each other - they changed color also. 

b. I liked it more because I could estimate where to put the bar - in the middle 
where the color matched. 

DYNAMIC sliders (Static for first session) 
Architecture, Male 

GGUTD a. The six colors at the bottom change simultaneously as I match the colors, 
b. Yes, it was easier to match the colors. 

Architecture, Female 
PBUCH a. The color bars changed as I drug the bar around. 

b. Less. The changes at the bottom were distracting and it was easier when you had 
the true colors to look at. 



Psychology, Male 
NMIRG i. Yes, I wasn't sure, but some of the colors no matter what mixture I used didn't 

match. 
a. Yes. 
b. More, the colors match easier. 

Psychology, Female 
JSTEA a. The shadings of the color bars altered as I adjusted the colors. 

b. I prefer the first system because it was easier for me to predict how each shade 
would be obtained. However, I think that in the long run, the second system 
would be more efficient because one could see the various shades in the color 
bars rather than having to use mental imagery every time. 

HSV space 
PLAIN sliders (Static for first session) 

Architecture, Male 
CSEBE a. The colors matched easier. I'm not sure if it was systematic error on my part the 

first time or not but my predictions were more precise this time, 
b. Much more. Not as frustrating, easier to work with. 

Architecture, Female 
CHATC a. The bars were white instead of having ranges of hues, saturation and value. 

b. I like them the same. Actually, I like the white bars better because they make you 
think about the color more rather than just picking a spot on the bar mat looks 
right. 

Psychology, Male 
BBEVE a. There were no color codes for the hue, saturation and value bars. 

b. More. It was more challenging. 
c. Pretty neat. 

Psychology, Female 
JERNS a. On the hue, saturation and value lines, the colors and shades were gone. 

b. It didn't really bother me, because I needed the values and colors when I didn't 
know what I was doing. Now that I'm more comfortable, I didn't really miss 
them. The colors were helpful, though. 

PLAIN sliders (Dynamic for first session) 
Architecture, Male 

SHALL a. I understand the process better, but I am not totally sure what will happen all the 
time. 

b. No comment. Actually, I didn't really notice a difference. It was easier, I guess. 
c. It seems to make more sense now (the relationship between hue, saturation and 

value.) 
Architecture, Female 

THARN a. Faster. The colors on the bar were gone. 
b. Pretty much the same, but the colors on the hue bar helped. 

Psychology, Male 
MCROC a. In the first half the background was all different colors, whereas the first time it 

was black, 
b. Like them about the same. 

Psychology, Female 
LIDAY a. It seemed I was becoming lazier with my colors and didn't want to spend as 

much time perfecting them like I did in my first trial, 
b. Less - the last system had a color chart on hue to help me. 

STATIC sliders (Plain for first session) 
Architecture, Male 

BREST a. The first time, there was no color on the hue, saturation, or value line. This time 
there was. 

b. Yes, it's easier to find the right colors with the colored line. 



Architecture, Female 
STMAY a. Less practice trials. Hue, saturation and value bars indicated ranges of colors/ 

intensities. 
b. More - the bars were more helpful -1 didn't have to guess which way to move 

the mouse. 
Psychology, Male 

BMATT a. Had the colors in those rectangles. More checkered backgrounds. 
b. More - you could see the shades of color in the rectangle which made the shade 

making faster and a little easier." 
Psychology, Female 

KBEAD a. It was easier since the bars had a coloring scale. 
b. Better - it was easier to use so it didn't take as long. 

STATIC sliders (Dynamic for first session) 
Architecture, Male 

TYANG a. On the last session, the color on the first line will change correspondingly with 
the second line. 

b. I like this system more because the first line colors could help me position the 
bar more precisely. 

c. I think a system using a hue/saturation matrix combined with "zoom" will be 
more helpful to me to match and choose colors, [diagram] 

Architecture, Female 
STCOE a. The saturation bar was gray to the color [diagram]. 

b. No, I seemed to be able to predict how the colors would change on the other one 
more easily. 

Psychology, Male 
AROJU a. No difference. 

b. I preferred it today because I knew what I was doing. 
c. This experiment is not bad. 

JSMIT a. In the last one, the colors would change inside the hue and saturation bar while 
they are being adjusted. In this one, they stayed the same but showed 
representations of all colors, 

b. No. It is easier to find your color when the colors change in the bar. In this one, it 
seemed to have a trial and error effect. 

Psychology, Female 
COCON a. The bars had colors in them. 

b. Yes - you could easily detect the color match since you saw the colors on the 
bars. 

DYNAMIC sliders (Plain for first session) 
Architecture, Male 

SPEAC a. The bars with the colors were easier to understand (with the colors in them). 
b. More - you could see the colors in the bars, you could better understand how 

changing one bar affected the other variables. 
Architecture, Female 

MLEE- a. This color matching system (2nd exp) shows the colors and their shades on the 
bars. 

b. I like this system better because the colors and different shades are shown on the 
bars to enhance coloring matching tutorial. 

c. Maybe some sort of "scoring" or "grading" of the color matching tutorial can be 
used to measure how much "closer" a person comes to matching the colors. 

Psychology, Male 
MFULB a. The colors were marked on the hue, saturation and value bars. The bars' color 

schemes were interactive, 
b. More, easier to use because it gave an accurate indication of where to begin 

mixing colors. 
Psychology, Female 

MB OS A a. The 3 bars at the bottom showed how the semi-circle would change depending 
on the direction, 

b. More - because it was easier to do. 



DYNAMIC sliders (Static for first session) 
Architecture, Male 

PSTEI a. The hue was displaced on the last session because the saturation level started at 
50%, here it starts at 0%. 

b. Less because I would have to adjust the saturation level and then the hue, then 
go back to saturation and value until I got the right combination. 

BROTH a. My senses were more alert as to what was going to happen to the color change. 
b. Better (the second one). Easier and faster. 
c. Good experiment. 

Architecture, Female 
KKINN a. This time we had saturation and the bars were set up differently. 

b. I liked the first system better because it was easier to work with. 
c. It was fun. 

Psychology, Male 
JBARR a. The first had a black&white checkered background, this one had a multi-colored 

checkered background, 
b. Approximately the same. 

Psychology, Female 
KHUBL a. The last system [I think she means this one] seemed harder to predict colors with 

although I did like the way the value line changed colors, 
b. Less, the first one seemed easier to use and predict colors with. 



Session 3 Comments 

The comments are arranged by treatment (color space and slider type), and then by slider ordering between 
sessions 2 and 3, and then by group (subject pool and gender). The questions being asked of the participants, 
and referred to below, are: 
i . "Did you have any difficulty understanding the instructions?" 
a. "If you recall the second session, what differences did you notice between this color matching system and 

the one you used then?" 
b. "Do you like this system more or less than the system you used during the second session? Why?" 
c. "Which of the three systems did you like most? Why?" 
d. "Any other comments on the experiment?" 

RGB space 
PLAIN sliders (Static for second session, Dynamic for first session) 

Architecture, Male 
MCLEV a. This was like the first test. 

b. More. The easy part (B&W squares) is the last part. 
c. I thought the first and last were similar. However the last was the easiest, perhaps 

because I am more familiar with the system. 
d. Perhaps next time you can overlap the color with the one you are trying to 

match. 
Architecture, Female 

KMAY- a. This one seemed easier, though I'm not sure why. 
b. I like it more because it seemed easier to use and understand. I could predict the 

changes easier and had a better understanding of increasing or decreasing the 
color by moving the bar right or left. 

c. This one, for the reasons previously stated. 
Psychology, Male 

YPAEK a. More background colors. 
b. Neither. 
c. Al l the same. 

Psychology, Female 
AGENT a. The last system showed the colors on the color bar. 

b. More because sometimes seeing the colors would make it more confusing. 
c. This one because of above. 

CDOWN a. I seemed to have more trouble this time than the last. 
b. About the same. 
c. I liked them all about the same. 

SHAYN a. The various color blockings (instead of black and white) 
b. Less. The other was easier on the eyes. 
c. The second. 

PLAIN sliders (Dynamic for second session, Static for first session) 
Architecture, Male 

JDRAW a. This was different than the 2nd - this one resembled the first because you were 
adding shades of the color more than the actual color. 

b. Less, this one wasn't as easy as the first. 
c. The 2nd, it seemed easier. 

Architecture, Female 
WROUS a. No color at all in the bars. 

b. More. Not sure why I would. Think I would like the colored bars more but I 
didn't. 

c. Blank bars - you're only concentrating on the circle color rather than the bar 
color. 



Psychology, Male 
RCHAS ******w r ong treatment for session 3 

Psychology, Female 
MESTR a. The little rectangles did not change colors as I moved the mouse to adjust the 

colors. 
b. I liked the second one better because I thought it was easier and faster. 
c. I liked the second one because it was easier to predict where to move the little 

line. 

STATIC sliders (Plain for second session, Dynamic for first session) 
Architecture, Male 

SFRAN a. None. 
b. I like all the systems equally, because each heightened my sense of color in 

different ways. 
Architecture, Female 

AALVA a. Simpler for the third session gave the bar codes from darker to lighter and 
brighter. 

b. Preferred the third session for the colored bar codes make color selection easier. 
c. Liked the first and third systems equally because of the color code bars. 

Psychology, Male 
MSRIS a. This one is easier. 

b. More. The change of the color bars make me confuse. 
c. The last. 

Psychology, Female 
KBEAR a. None, except the colors were different. It seemed shorter. 

b. I like them the same. 
c. This one. It seemed easier to match the colors. 

STATIC sliders (Dynamic for second session, Plain for first session) 
Architecture, Male 

CHLAU a. The second session was much easier to use. 
b. Less, same reason as above. 
c. Second, faster and easier to use. 

Architecture, Female 
JGONZ a. The bars were different. I had different backgrounds. 

b. Less, the way the bars changed in the second experiment made it very easy. 
c. Second. 

Psychology, Male 
MSTAN a. The colors on the bars did not change each time a color was picked. 

b. Less, the second one was easier and faster. 
c. Second (same as above). 

Psychology, Female 
SSHTP a. The 2nd session was much easier because hues of each color were distinguished 

(within the bar) but this one only used black-to-color. 
b. Less - there's more guesswork involved in the 3rd session. 
c. The 2nd. Colors were easier to understand because the bars indicated levels of 

color. 3rd session (and 1st) were more trial and error. 
d. It got easier as it progressed (as far as understanding what particular 

combinations of color would produce another color). 

DYNAMIC sliders (Plain for second session, Static for first session) 
Architecture, Male 

RBRAS a. The color changing bars changed colors as the slide moved. 
b. More. This system was easier to match colors with. 
c. The last one was easiest to use. 

Architecture, Female 
BWILL a. The bars with color predicted color changes for you. 

b. More, because it was easier to estimate and a lot quicker. 
c. The third, it was easiest. 



Psychology, Male 
KPAUL a. The color bars in this session varied their colors as they were moved. 

b. Yes, it makes fine-tuning color selection easier, and made getting to a particular 
color faster. 

c. This one. It was simpler, faster, and more user-friendly; it helped you select the 
desired color. 

Psychology, Female 
KSCHA a. The color bars were different and more indicative of how the color would 

change. 
b. More for the above reason. 
c. Last because it gave a hint of which way to move - less brain power or guess 

work. 
d. Enjoyed it:-) 

DYNAMIC sliders (Static for second session, Plain for first session) 
Architecture, Male 

DBLAS a. Backgrounds switched back to black&white first. Red, green and blue were 
altered. 

b. Same either way. 
c. First, don't exactly know I just felt more comfortable with my responses. 

Architecture, Female 
SSIEB a. This system had the spectrum of each color changing as I moved the mouse. 

b. I liked it better because I knew exactly where to move the bar to because it 
indicating the color on the bars. 

c. I liked the last one. I just did best. Having the spectrum really helps to match the 
color easier. 

Psychology, Male 
MFLET a. This one was easier with the color bars changing color as they were adjusted the 

direction moved would determine the change. 
b. This because of the above reason. 
c. This one. 

DIHRI a. The color bars were marked with colors that indicated what the color in the circle 
would be if a bar was moved. 

b. More, it was easier to predict how the colors would mix. 
c. The third because it made it the most obvious where to slide the bars to get the 

correct colors. 
Psychology, Female 

PSHEL a. The bars of color. 
b. More because you could determine which direction to move in. 
c. Third, it was easier to predict by the color changes in the bars and it was just 

because I was finally used to it. 

OPP space 
PLAIN sliders (Static for second session, Dynamic for first session) 

Architecture, Male 
CHERR a. Bars of color were gone. 

b. Same. 
c. All were ok. 

Architecture, Female 
LMINO a. The colors with more chroma were much more difficult. 

b. Less. The colors were more difficult to match. 
c. Second. I could match the colors with ease. 
d. I learned that pink is not just red and white, but blue is also used. The green was 

the most difficult for me to match. 
Psychology, Male 

PNEWS a. I noticed that the backgrounds were different. 
b. I like it about the same because I felt just as comfortable using it as I did the 

second. 
c. The second because I did the experiment the fastest out of the three. 



Psychology, Female 
SJACK a. None, I can't remember it that specifically. 

b. N/A 
c. Couldn't tell that much of a difference. 

PLAIN sliders (Dynamic for second session, Static for first session) 
Architecture, Male 

GGUID a. It was easier. 
b. I liked the second session better. 
c. Second. 

Architecture, Female 
PBUCH a. There are no colors within the slide bars. 

b. More. The 2nd system was distracting and confusing. Better to have nothing 
than something bad. 

c. The first. The true colors at either end made it easier to envision what a mix 
might bring. 

Psychology, Male 
NMIRG a. There's not really much of a difference, they seem like the same program. 

b. Couldn't tell the difference. 
c. The third, because it was easier to adjust the colors than the first. 

Psychology, Female 
JSTEA a. The color bars remained white throughout the experiment. 

b. Yes -1 found that the continuous shifting of shades along the color bar confused 
me. I would rather work with no color along the color bar than adapt to 
perpetually shifting shades. 

c. I prefer the first, but that is probably because the first method was the one I 
learned on. 

STATIC sliders (Plain for second session, Dynamic for first session) 
Architecture, Male 

DMURC a. None. 
b. They all seemed to be the same. 
c. Same. 

Architecture, Female 
PHEL a. The background (black&white) appeared more crisp. 

b. The color background did not bother me this time - yes. 
c. The first was easiest to use because the color bars adjusted with your changes. 

Though it was confusing at first, when adjusted it was actually very helpful. 
Psychology, Male 

TPICA a. The bars at the bottom of the screen were colored. 
b. It did not seem to matter. 
c. The second. I didn't need the bars colored. 

JWISS a. Didn't notice any difference. 
b. No. 
c. Last. Was simpler than other times. 

Psychology, Female 
ZSAUL a. The bars were colored. 

b. Doesn't matter. 
c. First - seemed easier. 

STATIC sliders (Dynamic for second session, Plain for first session) 
Architecture, Male 

JSCHR a. Maybe a few different colors or backgrounds. 
b. The color bars didn't change did they -
c. I liked session 2 but as is evident by my response I didn't rely on the bars for 

color matching. I do think they would be helpful in color creation. 
Architecture, Female 

YZISS a. The color bars didn't change as you tried your matching. 
b. I like the second system a little better. Colors look different depending upon 

what pattern they are against. The second one made it a little easier to get close 
to shown color it seemed. 

c. I think the second system. It seemed like you could get closer to the shown color. 



Psychology, Male 
KBAUE a. The color bars did not adjust the colors on themselves. 

b. Both same. I really don't look on the bars. 
c. Second. 

Psychology, Female 
CTRIN a. The other color bars weren't dependent on one bar like session 2. 

b. No -1 liked the second session because the changes were a little easier to 
distinguish. 

c. Second, because it's unique and it worked for me. 

DYNAMIC sliders (Plain for second session, Static for first session) 
Architecture, Male 

BTRAF a. The bar indicators changed along with the adjustments. 
b. More - you could adjust colors easier due to above difference. 
c. Last. See above. 

Architecture, Female 
LGONZ a. When you moved one bar all the others changed too, and it helped me to adjust 

the colors a little easier. 
b. This one, because it enabled me to envision how the color would change, and I 

was able to match the colors a little better. 
c. The 2nd because it was to me the most challenging. 

Psychology, Male 
ALGIL i . At first I did, because the colors in the bars would keep changing, but after a 

while it became easier than the last 2 experiments. 
a. The changing of the bars when you just moved one bar. 
b. More, because it gives you the different hues of every color in the bars. 
c. First and second were the same to me, but the third was easier after you got a 

hang of it. 
Psychology, Female 

RSMIT a. In the second session, I didn't like how the bars did not show the colors. 
b. I like this system more because the color bars show you how each color combo 

will react with other colors. 
c. I like the last one. The system, to me, seemed better controlling the color 

changes and because of the color bars changes when you move the center piece. 
d. This was an interesting experiment. 

JHARL a. When I would move the color bar the colors on the bars would blend themselves. 
b. Yes, because it was easier to pick a color. 
c. The last one because the colors were blended on the bar. 

DYNAMIC sliders (Static for second session, Plain for first session) 
Architecture, Male 

JRIVE a. This was much harder. The levels of color changed in response to other colors. 
b. Less. Because it is more complicated. 
c. The second. It was user-friendly. 
d. I felt lighting changed in the room during the experiment. 

Architecture, Female 
JVONC a. This time, the bars varied with color when the indicator was moved. Last time, it 

was just graded. 
b. More. It gave me a chance to see what changes the colors made with each move 

and made it easier to match them. 
c. The last one. It simplified the matching. There was less guess work involved and 

it went faster. 
Psychology, Male 

GGUPT a. The colors adjusted on the color adjuster in the second session. 
b. Less, the black and white background made the experiment harder. The different 

color background allowed me to get used to and understand color matching 
more. I could distinguish finer detail there. 

c. Second. 
d. The changing color adjuster made some colors easier to match. I think it would 

have been easier for me to distinguish detail better if you would have used the 
different color pattern first in the third session. 



Psychology, Female 
JEEND a. The color on the color bars changed as I adjusted on color. 

b. I like it more, because it is even easier to predict what way to move the color 
scale since the colors on the scale did adjust. 

c. The last one, for the same reason I put on the previous question. 

HSV space 
PLAIN sliders (Static for second session, Dynamic for first session) 

Architecture, Male 
TYANG a. There is no color in the bars. 

b. This system has less distraction since there is no color in the bar. However, if I 
did not have ever the appearance of the last one, probably I would have some 
trouble in this one. 

c. This one. Reason is if there is color in the bars somehow gives me distraction. 
Architecture, Female 

STCOE a. No colors on the bars. 
b. Yes, it seemed easier. 
c. First. 

Psychology, Male 
AROJU ***** wrong treatment for third session 
JSMIT i . No, but was much harder to 'fine-tune' the colors. I knew how it worked due to 

the previous experiments. It would have been much harder if this had been first. 
a. No colors were shown on the color bars for a guideline. 
b. Less. Too hard to find the right shades. Introduces 'trial & error' into the system. 
c. First, because the colors in the bars changed as you modified the bars and didn't 

have 'extra' colors to confuse you. 
Psychology, Female 

COCON a. The bars had colors on them last time. 
b. Less - it was harder to figure out where the colors were. 
c. The 2nd - it showed where the colors on the bar were. 

PLAIN sliders (Dynamic for second session, Static for first session) 
Architecture, Male 

PSTEI a. The colors are never displayed on the bars for hue and saturation. 
b. Less, it is frustrating and relies heavily on memory to be effective. 
c. The first one - it is fast and easy because colors are presented to you at the start. 

BROTH a. Yes. 
b. This one. Just seemed easier. Concentrate more on the circles for some reason. 
c. This one. I guess got used to the system by now. 

Architecture, Female 
KKINN a. I'm not sure. 

b. I don't remember the 2nd session's system. 
c. I remember liking the 1st one and this one was easy to work with also. 
d. It was fun. 

Psychology, Male 
JBARR a. The background alternated from multi-colored squares to black&white squares 

on this one. 
b. Same. 
c. Liked all equally well. 

Psychology, Female 
KHUBL a. The colors would appear as you touched the box, the colors did not appear with 

this one. 
b. More. I felt like it was much easier to use, because you didn't rely on the box, 

but instead on your memory and imagination. 
c. This one I thought was easier to use. 

STATIC sliders (Plain for second session, Dynamic for first session) 
Architecture, Male 

SHALL a. The saturation and value bars were colored. 
b. More. It is easier to manipulate. 
c. The last. Same as above. 



Architecture, Female 
THARN a. Colors on the screen hue value and saturation. 

b. Better- no searching for colors. 
c. This one because the colors were on the screen. 

Psychology, Male 
MCROC a. Background and saturation were different. 

b. About the same. 
c. First, little easier to manipulate the colors. 

Psychology, Female 
LIDAY a. The colors were on the bar this time as they weren't before. 

b. More... It seemed to help me. 
c. Third. 
d. Thanks... I enjoyed it. 

STATIC sliders (Dynamic for second session, Plain for first session) 
Architecture, Male 

SPEAC a. The saturation bar showed a spectrum of colors. 
b. Less, it was easier for me to use the saturation bar because I could see the range 

of it better. 
c. The second, I just thought it was the easiest. 

Architecture, Female 
MLEE- a. The saturation bar of this system is lightly shaded in ascending (descending) 

form. 
b. I like this system less than the 2nd session system because the saturation/value 

bar colors don't change when the 'mouse' is moved. 
c. I don't remember all the differences between the 3 systems, but I think I like the 

2nd system the most because bar colors (shades) change when the 'mouse' is 
moved. 

d. A brief review of all three systems before beginning the 3rd experiment may 
help to recall the differences between the systems. 

Psychology, Male 
MFULB a. The colors on the scales were constant. 

b. Less, it was less interactive. 
c. The second, was most interactive. 

Psychology, Female 
MBOSA a. The saturation bar was dif. 

b. Less. I liked the 2nd one best, it easier to find matches. 
c. 2nd. 

DYNAMIC sliders (Plain for second session, Static for first session) 
Architecture, Male 

CSEBE a. The adjustments bars change color. 
b. More, it's a little faster with the color coded bars. 
c. Third, easiest. 

Architecture, Female 
CHATC a. The bars were gradated instead of blank. 

b. More. The bars all worked together, so you could see how changing one affected 
the others. 

c. The last one, because the bars worked together so it was easier. 
Psychology, Male 

BBEVE a. The matching bars were activated by each other. 
b. More. More challenging. 
c. This one was most challenging. 
d. Neat experiment. 

Psychology, Female 
JERNS a. When I clicked on the saturation spectrum, all the hues appeared. 

b. More. I could spot the color on the spectrum first. 
c. The last, I could just put the line in the exact spot and barely move it if needed. 



DYNAMIC sliders (Static for second session, Plain for first session) 
Architecture, Male 

BREST a. Colors on line bars showed different colors when you moved the mouse. 
b. Same, but a little easier. 
c. Third, easier to predict what the colors were going to be. 

Architecture, Female 
STMAY a. As soon as you moved saturation pt. 1/2 way, all the colors of the spectrum were 

brought up on hue. Then as you change saturation - all other properties indicated 
change in their boxes. 

b. This one was easier because saturation change made it easier to use the other 
boxes. 

c. 3rd. Described above. 
Psychology, Male 

BMATT a. The shading in the saturation and the value corresponded to the hue. 
b. This one, it was easier and faster. 
c. Third system. It was comprehended more than the last two. I could predict the 

color and faster. 
Psychology, Female 

KBEAD a. The second was easier since the color spectrum was already apparent. 
b. Less, because it isn't as easy. 
c. 2 and 3 because the colors helped you more than the (1) with black&white 

scales. 



APPENDIX K 

COLOR DEFICIENT PARTICIPANTS 



Four males who participated in the study showed signs of color deficiency 

during the color vision screening. Two were architecture students (RGARC and 

WCOHN), and two were psychology students (KARMS and MWATT). The type and 

strength of their deficiencies could not be accurately diagnosed from this simple screening 

test. These students were assigned the same slider type sequence (dynamic-plain-static), 

but different color spaces (WCOHN used RGB, MWATT and R G A R C used OPP, and 

K A R M S used HSV) 

This number of color deficient people was too small to allow for any quantitative 

analysis of their results as a group. However, it is interesting to examine their performance 

in relation to that of the rest of the participants. The graphs contained in this appendix 

(Figures K - l through K - l l ) illustrate this relationship for every dependent measure taken 

from the color matching data. For each of the six experiment phases, the graphs contain 

the minimum, maximum, mean and 95% confidence intervals from the regular students' 

data, plus the individual results for each color deficient student. 

These graphs show that there was considerable variability in the performances of 

the color deficient students. As such, it is difficult to characterize their performance as a 

group. Table K-I contains a qualitative summary of each person's performance in relation 

to that of the color-normal students. For each measure, the table indicates whether the 

person's results were generally low, high, or average when compared to the mean results 

for the color-normal students. 

Table K-I. Summary of Relative Performances for Color Deficient Participants 

match 
time 

color 
error 

hue 
error 

chroma 
error 

intensity 
error 

slider 
time 

slider 
access 

color 
converg. 

hue 
converg. 

chroma 
converg. 

intensity 
converg. 

KARMS low high high high high low low high high high high 
MWATT high low low low low high high low low low low 
RGARC low high high high low low average average average average low 
WCOHN average high high high high average average high high average average 



One would expect that color deficient people would experience difficulties with a 

color matching task. This would presumably lead to lower accuracy (higher color errors), 

longer match times, more slider usage, and less convergence. None of these students fit 

that description perfectly. K A R M S had higher errors and less convergence, but also used 

the slider less and had shorter match times. MWATT was exactly the opposite: lower 

errors, more convergence, with greater slider use and longer match times. R G A R C 

seemed to do particularly well with the intensity component of color. He had shorter 

matches, generally greater errors (except for intensity), and generally less convergence 

(again, except for intensity). W C O H N was closest to the expected pattern. He had average 

match times and slider usage, but higher errors and less convergence for both overall color 

and hue. 

These differences between the students could be due to a number of things, such 

as each person's particular color deficiency, their learned coping strategies, or their 

motivation levels. More research is needed in order to better understand how people with 

color vision deficiencies interact with color specification systems. 



O — © K A R M S 
• — B M W A T T 
O — O R G A R C 
A—AwCOHN 

PLA, C H R PLA, B/W STA, C H R STA, B / W D Y N , C H R D Y N , B/W 

Fig K - l . Match time measures for the four color deficient students. A summary of the 
other students' performance is shown for reference. The vertical bars indicate the minimum 
and maximum values recorded for each phase of the experiment (combination of slider 
type and context, for all color spaces). The horizontal bars indicate the mean and 95% 
confidence intervals for each phase. 
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Q — S M W A T T 
3 — O R G A R C 
A — A W C O H N 

P L A , C H R PLA, B/W STA, C H R STA, B / W D Y N , C H R D Y N , B/W 

Fig K-2. Color error measures for the four color deficient students. A summary of the 
other students' performance is shown for reference. The vertical bars indicate the minimum 
and maximum values recorded for each phase of the experiment (combination of slider 
type and context, for all color spaces). The horizontal bars indicate the mean and 95% 
confidence intervals for each phase. 
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PLA, CHR PLA, B/W STA, CHR STA, B/WDYN, CHRDYN, B/W 

Fig K-3. Hue error measures for the four color deficient students. A summary of the 
other students' performance is shown for reference. The vertical bars indicate the minimum 
and maximum values recorded for each phase of the experiment (combination of slider 
type and context, for all color spaces). The horizontal bars indicate the mean and 95% 
confidence intervals for each phase. 

Fig K-4. Chroma error measures for the four color deficient students. A summary of the 
other students' performance is shown for reference. The vertical bars indicate the minimum 
and maximum values recorded for each phase of the experiment (combination of slider 
type and context, for all color spaces). The horizontal bars indicate the mean and 95% 
confidence intervals for each phase. 
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PLA, CHR PLA, BAV STA, CHR STA, BAVDYN, CHRDYN, BAV 

Fig K-5. Intensity error measures for the four color deficient students. A summary of the 
other students' performance is shown for reference. The vertical bars indicate the minimum 
and maximum values recorded for each phase of the experiment (combination of slider 
type and context, for all color spaces). The horizontal bars indicate the mean and 95% 
confidence intervals for each phase. 

O—©KARMS 
• — • MWATT 
O—^> RGARC 
A — A WCOHN 

PLA, CHR PLA, BAV STA, CHR STA, BAVDYN, CHRDYN, BAV 

Fig K-6. Slider access measures for the four color deficient students. A summary of the 
other students' performance is shown for reference. The vertical bars indicate the minimum 
and maximum values recorded for each phase of the experiment (combination of slider 
type and context, for all color spaces). The horizontal bars indicate the mean and 95% 
confidence intervals for each phase. 



Fig K-7. Slider time measures for the four color deficient students. A summary of the 
other students' performance is shown for reference. The vertical bars indicate the minimum 
and maximum values recorded for each phase of the experiment (combination of slider 
type and context, for all color spaces). The horizontal bars indicate the mean and 95% 
confidence intervals for each phase. 

G — © K A R M S 
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PLA, C H R PLA, B/W STA, C H R STA, B / W D Y N , C H R D Y N , B/W 

Fig K-8. Color convergence measures for the four color deficient students. A summary 
of the other students' performance is shown for reference. The vertical bars indicate the 
minimum and maximum values recorded for each phase of the experiment (combination of 
slider type and context, for all color spaces). The horizontal bars indicate the mean and 
95% confidence intervals for each phase. 
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O ^RGARC 
A—AWCOHN 

PLA, CHR PLA, B/W STA, CHR STA, B/WDYN, CHRDYN, B/W 

Fig K-9. Hue convergence measures for the four color deficient students. A summary of 
the other students' performance is shown for reference. The vertical bars indicate the 
minimum and maximum values recorded for each phase of the experiment (combination of 
slider type and context, for all color spaces). The horizontal bars indicate the mean and 
95% confidence intervals for each phase. 
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Fig K-10. Chroma convergence measures for the four color deficient students. A 
summary of the other students' performance is shown for reference. The vertical bars 
indicate the minimum and maximum values recorded for each phase of the experiment 
(combination of slider type and context, for all color spaces). The horizontal bars indicate 
the mean and 95% confidence intervals for each phase. 
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FigK-11. Intensity convergence measures for the four color deficient students. A 
summary of the other subjects' performance is shown for reference. The vertical bars 
indicate the minimum and maximum values recorded for each phase of the experiment 
(combination of slider type and context, for all color spaces). The horizontal bars indicate 
the mean and 95% confidence intervals for each phase. 
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