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(ABSTRACT) 

The amenability of various color-controlling algorithms to the real-time 

operator control of color stimuli was investigated. Mathematical models based 

on eight color spaces were employed: three uniform color spaces (L*u*v*, 

L*h*C*, and Y 2.2u' VI), a graphics algorithm (HLS), an opponent color model, 

the NTSC broadcast signals (YIQ), and two sets of color primaries. Eighty 

subjects, divided equaJly among the color spaces, were required to match 

colors under time-limited conditions. 

The apparatus employed was a color-manipulation device using LEDs, 

custom-built in the Displays and Controls Laboratory at Virginia Tech. The 

device allows for 12-bit resolution on each color channel and higher stability of 

luminance and chrominance over the short and long term than can be achieved 

with experimental quality CRTs. 



Results of the study indicate that the uniform color spaces provided the best 

performance. Subjects using CIELUV and L*h*C* were able to match the target 

within one tlE color-difference unit (in CIELUV) in over 30% of the trials. This 

compares favorably with the success rate under color primary control (13%), 

VIQ (110/0), HLS (7%), and the opponent space (60/0). The inferior performance 

of the subjects controlling the Via, HLS, and opponent color spaces was 

demonstrated under all time and accuracy measures. Within this latter group, 

the opponent color space generally produced the worst results. These claims 

are all made with statistical support at the 95% confidence level or better. 

Recommendations for the design of color-control interfaces are issued 

based on the above results. 
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INTRODUCTION 

While much is known today about the perception and characterization of 

color stimuli, the application of this knowledge to the topic of color manipulation 

has been widely disregarded. There are several environments in which people 

may be required to effect a color adjustment. For example, graphics interfaces 

often afford the user a plethora of colors to enhance the visual image on the 

display. The provision of color controls allows the user to select the desired 

colors for presentation. As well, color and intensity controls are standard on 

most television sets, which allow the observer to select the most pleasing 

combination. Finally, psychophysical experimentation concerned primarily with 

the color-matching capabilities of subjects generally involves the independent 

adjustment of the intensities of three colored Jights. 

It is commonly accepted that three mechanisms govern color vision and thus 

only three appropriately chosen light sources are needed to match any color in 

the visible spectrum. Consequently, color display devices are generally 

designed with a primary consideration being the achievable color gamut, while 

little or no emphasis is placed on the human behaviors necessary to attain any 

desired color within that gamut. In terms of control theory, the stimulus input to 

the subject has been well-characterized; it is the dynamics of the control 

maneuver used to adjust the stimulus which is under scrutiny. It is worthwhile to 

direct some effort toward optimizing a color space for those research subjects 

and color product users whose task it is to adjust colors in order to obtain a 

color match or a particular color. Unfounded claims of ease of use attributed to 

certain color spaces must be systematically verified through controlled 

1 
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research, the primary purpose of which is to evaluate the controllability of 

candidate color spaces. 

When specific color-controlling characteristics are implemented on a color 

display system, the selection of the color space is usually guided by convention, 

for example, the color-matching functions of the Commission Internationale de 

l'Eclairage (CIE) 1931 Standard Observer. More frequently, self-luminous 

sources with three primaries adjustable in luminance are employed, as the 

output can be characterized with relative accuracy. This is the approach taken 

by numerous color researchers who use a trichromatic colorimeter. Both of 

these examples illustrate physically-based color control systems, as the 

dynamics of their color changes are grounded on arbitrary color-matching 

functions that do not attempt to mimic human color perception. 

The idea of manipulating color in a manner compatible with color perception 

is conceptually appealing. The color controller's inherent understanding of the 

dimensions being controlled should facilitate his or her task. This belief is held 

by those color-device designers who develop hue, lightness, and saturation 

controls, as exist in some computer-aided design (CAD) and other graphics 

interface software packages. 

The objective of this research is to investigate the merits of employing 

physiologically or perceptually compatible color controls rather than 

manipulating color in an arbitrary color space when matching colors. Several 

color spaces will be investigated - some hardware .. dependent and some 

hardware-independent; some arbitrary, having only a physical basis of use, and 

some specifically derived from perceptual or physiological properties of human 
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observers. It is of interest to determine which of these color spaces are more 

easily learned and more accurately controlled. This information is of great use 

to color-device designers from a pragmatic standpoint, and as well may support 

or negate specific color theories from which the color spaces were derived. 

The organization of this thesis is as follows: A general review of the literature 

in the area of color perception will set the foundation for the specific approach to 

the issue of color manipulation. In the review, crucial concepts in both color 

appearance and color science will be described. Specific color theories will be 

presented from an historical viewpoint. This information is integrated in the 

treatment of color representation on additive light sources. The latter sections of 

the thesis are dedicated to the detailed description of an experiment performed 

to determine the relative merits of various color spaces for controlling colors. 

The experimental method, results, and statistical analyses are presented along 

with a discussion of the outcome. Finally, the report concludes with 

recommendations for further research. 

C%r Perception 

The trichromatic theory, which holds that there are three mechanisms that 

govern color perception in the normar observer, is the historically dominant 

theory of color vision. This widely accepted postulate accounts for the majority 

of empirical findings in additive color-matching experiments, yet, alone, it fails to 

explain the true appearance of colors to the observer (Wyszecki and Stiles, 

1982). For example, when a red and a green stimulus are additively mixed, a 

distinct perceptual phenomenon, yellow, is encountered. The opponent-colors 

theory, an extension of trichromatism, offers an explanation for this 
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phenomenon. The opponent theory of color vision is discussed later in this 

report. The fundamentals of trichromatism are outlined below. 

Light, or electromagnetic energy of wavelengths approximately between 380 

and 760 nm, stimulates activity in the photoreceptors, manifested as visual 

sensation (Pearson, 1980). There are two classes of cells capable of 

translating this energy into neural signals: rods and cones. Of these two types 

of receptors, only the cones supply information as to the attribute of color in a 

visual stimulus (Hunt, 1975). It is believed that there are three unique 

photopigments contained in the cones, each with a particular sensitivity to light 

that depends on the wavelengths present in the stimulus. Neurophysiological 

studies suggest that a cone contains only one type of photosensitive pigment 

(Boynton, 1986), which implies three distinct classes of cones. 

The relationship between cone sensitivity and stimulus wavelength is 

termed the response function, or absorption spectrum. Thus, three unique 

wavelength-dependent response functions are responsible for photopic (cone) 

vision. These fundamental responses of the cones were first envisioned by 

Konig (1903) in the development of a model to explain color deficiencies, and 

are often referred to as Konig fundamentals. At present, the cones' response 

functions are not known with certainty, due to a number of measurement 

problems. The forthcoming discussion on opponent color theory elaborates on 

the present state of knowledge in this area. 

Color is that attribute of visual perception that results from differential activity 

among the three types of cones. It has been observed that energy concentrated 

in the long-wavelength region of the spectrum can cause the observer to 
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perceive the sensation called red. The most active cone type corresponding to 

this sensation is often called the red cone. This term can be misleading, 

however, since the red cone also reacts to light perceived as colors other than 

red, albeit to a lesser extent. Similarly, the cone type with the greatest 

sensitivity in the mid-wavelength spectral region, that causes the observer to 

see green, is called the green cone; the short-wavelength receptor is known as 

the blue cone. All colors are perceived by the combination of responses of the 

red, green, and blue cones. 

The cone absorption spectra are decidedly non-monotonic (Brown and 

Wald, 1964; Rushton, 1958; Thomson and Wright, 1953; Weare, 1959). Further, 

it appears that the quality of cone behavior after bleaching (stimulation) is 

independent of the attributes of the stimulus (Cornsweet, 1970). Hence, 

appropriate intensities of light at differing wavelengths can propagate the same 

neural reactions. This phenomenon is commonly observed and reported under 

the name n1etamerism. Metamers are stimuli of differing spectral distributions 

that cause identical perceptions of color. 

A characteristic of color vision that is of great value to those involved in color 

research is additivity. Specifically, the numbers that describe the amount of 

cone activity resulting from several concurrent stimuli can be obtained by 

summing the corresponding values of the stimulus components. Thus, in color 

science, system linearity holds, and all colors can be represented by any 

arbitrary set of response functions that are linear combinations of the Konig 

fundamentals. This fact has enabled color scientists to accurately characterize 

and reproduce all colors within the visible spectrum despite the uncertainty that 
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exists regarding the sensitivities of the individual cone photopigments. There 

are, however, a number of factors that influence the appearance of color, 

hindering its predictability: field size (Benzschawel, 1987; Troscianko, 1977); 

state of observer adaptation (Burnham, Evans, and Newhall, 1952); 

surrounding color (Pitt and Winter, 1974; Troscianko, 1977); location of stimulus 

in the visual field (Smith and Pokorny, 1975); individual sensitivities to light 

(Wyszecki and Stiles, 1982); intra-individual variation in sensitivity (Wyszecki 

and Fielder, 1971); and mode of viewing (Morley, Munn, and Billmeyer, 1975). 

Three Dimensions of C%r 

According to the majority of color experimentation thus far, the numerous 

possibilities for physical characterization of color stimuli translate roughly to 

three perceptual dimensions: hue, brightness (or lightness), and saturation. In 

psychophysical experimentation, subjects appear to be able to judge anyone of 

these dimensions regardless of differences among the remaining dimensions 

(Wyszecki and Stiles, 1982). This aptitude suggests that hue, brightness, and 

saturation are faithfully internalized components of color perception. 

There is a multitude of definitions and formulations for each of these 

perceptual dimensions of color, all attempting to accurately characterize color 

vision. Since there is no strict agreement in this area, only general definitions 

will be supplied. Brightness is correlated with luminance, and can be defined 

as that attribute of a visual sensation that allows colors to be classified as 

equivalent to a member of the achromatic series (Newhall and Brennan, 1949). 

Lightness has the same meaning as brightness, but is generally (although not 

exclusively) applied to object colors rather than self-luminous sources. 
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Saturation correlates well with the purity of a stimulus (the narrowness of its 

energy band), and reflects the degree to which the stimulus differs from an 

achromatic stimulus, regardless of their brightnesses (Wyszecki and Stiles, 

1982). Chroma is similar to saturation, but the brightnesses of the stimuli must 

be equal (Wyszecki and Stiles, 1982). Hue is yet more vaguely described as 

the quality of a visual sensation that allows it to be classified as red or purple, 

for example (Newhall and Brennan, 1949). The dominant wavelength of a 

stimulus is generally an excellent predictor of hue. 

Hue and chroma are commonly illustrated in polar form. Hue is represented 

as the angle component displaced from some arbitrary reference point; and 

chroma is depicted as the radial distance from the origin. Add the third 

dimension of lightness orthogonally to this plane, and the full visible color 

spectrum is displayed, as seen in Figure 1. 

The above three perceptual dimensions of color are by no means 

independent. Abney (1910) first noted that hue varies with the amount of white 

(achromatic) light in a stimulus (i.e., the chroma), a relationship consequently 

termed the Abney effect. A separate phenomenon that occurs is the change in 

hue resulting from intensity changes, known as the Bezold-Brucke hue shift 

(Benzschawel, 1987). The extent of this latter hue change differs among hues, 

and is in fact absent at three specific wavelengths, around 475 nm, 500 nm, and 

575 nm (Benzschawel, 1987). As well, the distinction between saturation and 

chroma implies that this dimension interacts with lightness. These interactions 

have hindered n1any efforts to quantitatively predict perceived color. 
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Figure 1. Typical 3-~ color solid. 
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Overall, the classification of color into the attributes of hue, brightness, and 

saturation provides a conceptually appealing framework for understanding and 

modelling color perception. This is evidenced by the widespread use of the 

Munsell Color System (see Newhall, Nickerson, and Judd, 1943), which 

reproduces color in the dimensions of hue, value (lightness), and chroma in the 

polar form shown in Figure 1. An additional benefit of the Munsell System is the 

somewhat uniform perceptual spacing of the reflective samples that constitute 

the color space, derived from psychophysical experimentation. However, since 

the Munsell formulations are based on ad hoc data-fitting and not on basic 

colorimetric principles, prediction of color appearance under various physical 

conditions remains uncertain. 

Calculation of Tristimulus Values 

Under the trichromatic generalization, arbitrary color-matching equations, 

rCA), g(A}, and b(A}, can be formed by measuring the intensities of three 

respective primaries R, G, and 8 necessary to obtain color matches with 

monochromatic stimuli sampled throughout the visible spectrum. Given these 

color-matching functions, the color appearance of any visual stimulus, s, can be 

represented by the the three values R(s), G(s), and B(s} (or simply R, G, and B), 

calculated as follows. 

The power spectrum of the stimulus is cascaded with each color-matching 

filter function individually to represent the amount of activity propagated by the 

stimulus in each arbitrary color-matching system. Specifically, the energy at 

each measured wavelength is multiplied by the corresponding values of rCA), 

g(A), and brA) at that wavelength. Integration of the resultant activity spectra 
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provides the colorimetric quantities sought, known as tristimulus values. This 

process is illustrated in Figure 2. 

CIE 1931 Standard Observer 

Based on data collected by Guifd (1931) and Wright (1928-1929) using 

trichromatic colorimeters to obtain color matches, the color-matching functions 

for a normal observer, r(A), g(A), and brA), were defined. These equations were 

based on a transformation to three arbitrary physical primaries, R, G, and B, 

from the actual monochromatic stimuli employed in each set of experiments. 

Since some of the resultant colorimetric values were negative, however, a 

subsequent transform to three imaginary primaries, X, V, and Z, that enclose the 

visible spectrum locus, was implemented. By deSign, the primaries X and Z are 

located on the alychne, the line joining all chromaticities having zero luminance 

(Wyszecki and Stiles, 1982). Hence, the primary Vis forced to a luminous 

efficiency of 1, and the function Y(A) is identical to the GIE standard luminosity 

function V(A). As a result, the GIE 1931 Standard Observer provides both 

colorimetric and photometric information, generally expressed by the x and y 

chromaticity coordinates along with the Y tristimulus value. The chromaticity 

coordinates are calculated as the ratio of a tristimulus value to the sum of the 

tristimulus values. 

The locus of colors is displayed on GIE 1931 Standard Observer 

coordinates in Figure 3. There are several appealing features of this diagram. 

First, any realizable color can be reliably characterized by its x and y 

chromaticity coordinates on the diagram. Two equiluminous stimuli with the 
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frame) by the sensitivity of the arbitrary color-matching equation brA) (left frame of 
center row) to determine the response of the b system across all wavelengths (left 
frame of bottom row). The area under this response curve is equal to the tristimulus 
value B. The same procedure is repeated in the middle and right columns to obtain G 
and R, respectively. 
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san1e chromaticity coordinates have the same color appearance to the normal 

observer, given identical viewing environments. 

A second property of the diagram is the facility of estin1ating the dominant 

wavelength and excitation purity of a stimulus, as demonstrated in Figure 4. A 

straight line drawn from the achromatic reference color (usually the equal 

energy point) through the stimulus point meets the locus at the don,inant 

wavelength of the stimulus. In the case of Color 2 in Figure 4, the hue is not 

obtainable by any monochromatic stimulus in the spectrum; hence, Color 2 is 

termed a nonspectral color. In this case, if the straight line is reflected back 

through the achromatic reference point, it meets the spectrum locus at the 

unique complementary wavelength associated with that stimulus, denoted in 

this case by 500C. Color purity is determined by a quotient of two distances. 

The numerator is the distance between the achromatic reference and the 

stimulus point; the denominator is the distance between the same reference 

and the point where a straight line joining the reference to the stimulus meets 

the locus. Thus, a color that lies on the locus has a purity of 1 and represents a 

truly monochromatic stimulus. 

A third useful characteristic of the CrE 1931 diagram is that the location of 

any additive mixture of two stimuli lies on the straight line joining their 

chromaticities. Consequently, the color gamut achievable with a larger number 

of stimuli can be determined as the region bounded by the straight lines joining 

all respective chromaticity coordinates. This is illustrated in Figure 5 for the 

case of television displays. The locations of the P22 color phosphors are 

plotted on the CIE 1931 Diagram. The light spectra emitted by these phosphors 
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Figure 5. Achievable color gamut. The chromaticity region achievable by a television 
monitor with P22 color phosphors. 
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serve as the additive primaries with which all other colors are achieved. The 

shaded region bounded by the lines joining the phosphor pairs encon1passes 

all chromaticities available to a cathode ray tube (CRT) with the P22 phosphors. 

The CIE 1931 Standard Observer must be employed judiciously, as there 

are a number of constraints governing its validity. This is owing to the 

techniques that were used in the collection of the data on which the color space 

is based. To begin with, since the y(ll) function is equated with the photopic 

luminosity curve, V(Il), only the foHowing conditions are appropriate for drawing 

conclusions regarding luminance, summarized from CIE (1978). 

1. The observer possesses luminous efficiencies very similar to V(Il). This is 

generally not the case for color-deficient observers nor among the elderly. 

The luminous efficiencies of color-normal observers may deviate from V(Il) 

as well, particularly at the spectrum extremes. 

2. The mode of vision is fully photopic. As the adapting luminance level 

decreases, the sensitivity of the eye shifts toward shorter wavelengths, 

known as the Purkinje shift. In conditions of very low light levels, in which 

scotopic vision prevails, a separate luminous efficiency curve, V'(Il) , is 

recommended for use by the CIE. The region between scotopic and 

photopic vision, or the mesopic range, is not accurately accounted for by 

either of these functions. 

3. The stimulus is a small field (2 to 3 degrees) centrally fixated on a neutral 

field of view (10 degrees or more). 
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In 1964, the CIE provided a standard formulation for normal color observers 

viewing a 1 O-degree field. It is generally recommended that the 1931 system 

be employed for stimuli subtending up to 4 degrees, and the 1964 system be 

used for any larger fields (Silverstein and Merrifield, 1985). 

A long-known deficiency of the V(A) curve is the underestimation of the 

weightings in the short-wavelength end of the spectrum (CIE, 1978). Judd 

(1951) has provided a correction for this drawback, known as Judd's modified 

V(A) curve. Based on this, Judd has revised the values of the CIE 1931 

Standard Observer. Judd's modified chromaticity coordinates are usually 

designated as x' and y', 

Judd's modified VeAl curve closely resembles the luminous efficiencies 

determined by the methods of flicker "photometry, step-by-step matches, 

minimally distinct border, and acuity. A different curve, however, is obtained by 

the use of direct brightness matching or threshold criteria. That curve displays 

greater sensitivities at both ends of the spectrum (Guth and Lodge, 1973). 

However, unlike the former set of procedures, direct brightness matching and 

threshold data are not additive (CIE, 1978). For example, if a red light is 

matched for brightness to a white light, and then the same is done with a yellow 

light, Abney's law of additivity would hold that the red and yellow light together 

require twice the luminance of the white light in order to match the combined 

brightness. However, a brightness match ;s not achieved with this procedure. 

The elegance of additivity, observed under such procedures as flicker 

photometry, leads the color science community to accept the well-established 
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V(A) curve and Judd's modifications of this curve, appropriate for sources with 

n1uch energy in the short-wavelength end of the spectrum. 

Despite the noted deficiency of V(A) on which Judd has improved, the 1931 

cor or-matching functions are employed more frequently than the calor-matching 

curves supplied by Judd (1951) based on his modification of V(A). Vas (1978) 

believes this is due to Judd's data being published at only 10-nm increments. 

Consequently, Vas (1978) has developed mathematicar transforms that perform 

the transitions between (x,y) and (x',y,. The modifications are required only for 

the wavelength region below 460 nm (Benzschawel, 1987). Vas (1978) claims 

that the transforms achieve Judd's intended values with a precision of four 

significant digits. 

Uniform C%r Space 

A principal ~rawback of the CIE 1931 Standard Observer is the perceptual 

nonuniformity of the system units (Judd and Wyszecki, 1975). This shortcoming 

was first demonstrated by Wright (1941), who collected data on small color

difference judgments and plotted equal perceptual distances on the CIE 1931 

Diagram. A more popular set of data was collected by MacAdam (1942), whose 

data describe subthreshold sensitivity to small c%r differences. The standard 

deviations of one observer's errors in color matching are used as indicators of 

the color differences associated with various regions of the diagram. Three 

standard deviations are generally accepted to be equivalent to a just-noticeable 

difference (Silverstein and Merrifield, 1985). 
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Figure 6 displays the resultant elliptical regions of equal perceptual 

differences on the CIE 1931 Diagram, which are magnified tenfold for visibility. 

The variability of the differences in (x,Y) space is evident; the observer appears 

to be much more sensitive to chromaticity shifts in the blue region than in the 

green region. The MacAdam data would plot as circles of equal radii on a set of 

uniform color axes. Because of the nonuniformity, meaningful conclusions 

regarding the perceived difference of color stimuli cannot be drawn based on 

the CtE 1931 dimensions. To overcome this problem, much effort has been 

spent in the past 40 years attempting to derive a system of units in which scale 

differences correspond to perceptual differences. 

In a uniform color space (UCS), color appearance in a stable viewing 

environment would be accurately represented, so as to accommodate the 

human visual system in the design of color display systems. For example, 

stimulus discriminability would be better predicted with the ability to quantify 

color contrast effects. Thus, for a given application, the most discriminable 

colors available could be appropriately selected (Carter and Carter, 1982; De 

Corte, 1985; Mollon and Cavonius, 1986). In addition, a uniform color metric 

would allow meaningful standards and tolerances to be specified in the quality 

control operations of manufacturers and other handlers of color products 

(Hunter, 1958). Moreover, the value of adjusting various processing variables 

during production could be assessed with respect to color (Hunter, 1958). 

In spite of the impressive devotion of time and talents to the development of 

a UCS, and despite the evident benefits to be derived, a satisfactory candidate 

is yet to be presented (Benzschawel, 1987; Wyszecki and Stiles, 1982). Color-
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Figure 6. CIE 1931 Diagram with MacAdam ellipses. These ellipses of equal 
sensitivity are displayed at 10 times their actuaJ size. (Reprinted from Judd and 
Wyszecki, 1975, with permission from Wiley.) 



21 

order systems, which define object colors under certain constraints by material 

standards (Wyszecki and Stiles, 1982), have been reasonably successful at 

producing uniform color differences. A familiar example of a uniform color-order 

system is the previously mentioned Munsell System. A second popular 

example is the OSA-UCS set of color samples, which was formed by locating 

each color at a vertex in an octahedral lattice (Billmeyer, 1981; Davidson, 1981 ; 

Nickerson, 1981). The quantification of these physical samples, however, is 

subject to the same complexities that have riddled the success of almost all 

uniform color scales: metamerism, color constancy, state of observer 

adaptation, the interaction of perceptual dimensions of color, and, perhaps the 

most profound, individual differences. 

In 1960, the CIE adopted a projective transform of its 1931 color space 

(MacAdam, 1937) as a provisional standard UCS diagram (Judd and Wyszecki, 

1975). A projective transformation has the advantage of maintaining straight 

lines from one space to the next. Thus, the simplistic geometric descriptions of 

additive c%r mixtures in the CIE 1931 Diagram persist in the transformed 

space (Wyszecki and Stiles, 1982). The modified space is referred to as the 

CtE 1960 UCS. It specifies chromaticity in terms of a pair of coordinates, u and 

v, defined in terms of x and yas follows: 

u = 4X/( -2x+ 12y+3), and 

v= 6y/(-2x+12y+3). 

The 1960 UCS was selected from a number of comparable UCS candidates 

likely for its ease of implementation rather than superior performance (Judd and 
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Wyszecki, 1975). Figure 7 shows the MacAdam ellipses plotted on the CIE 

1960 UCS Diagram. An improvement over the CIE 1931 Diagram is noticeable, 

but uniformity is still far from achieved. 

The CrE 1960 UCS Diagram was succeeded by the provisional 

recommendation of the CIE 1976 UCS, consisting of two sets of formulations: 

CIELAB and CIELUV. A principal modification on the CIE 1960 UCS was an 

attempt to quantify the perceptual shifts in color that accompany lightness 

changes. Another amendment was the inclusion of a separate color space to 

describe subtractive coror mixtures, CIELAB, whose nonlinear behavior is not 

constrained to the maintenance of straight lines, as is a projective transform. 

MacAdam recognized that neither a linear nor a nonlinear transformation could 

adjust his ellipses to equally-sized circles (Judd and Wyszecki, 1982). A 

nonlinear transform, however, is liable to better achieve uniformity over small 

cofor differences than one that is linear. 

For both CIELAB and CIELUV, the variable L" serves as a correlate of 

lightness (Wyszecki and Stiles, 1982), and is defined as: 

L ... = 116( y/Yn) 113_16, YIYn > 0.008856. 

This cube-root equation represents a power relationship between the stimulus 

luminance and the associated lightness response, which is in conforn1ance with 

much psychophysical scaling (Gescheider, 1985; Stevens, 1962). For very 

small stimulus luminances (Y/Yn < 0.008856), a separate calculation for L'" is 

used: 

L ... = 903.3( Y/Yn). 
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The value Yn is the luminance of the nominally white object-color stimulus, 

which is usually chosen to be the spectral radiant power of one of the CIE 

standard iIIuminants refrected to the eye by the perfect reflecting diffuser 

(Wyszecki and Stiles, 1982). Thus, the luminous efficiency is one, and Yn is 

equal to 100 (percent). For applications of the above equation to self-luminous 

sources such as CRTs, however, Carter and Carter (1983) point out that the 

assigning to Yn the value 100 confounds the resultant L * with the choice of 

luminance unit. To preserve invariance, L * should be set to the maximum 

luminance attainable (Carter and Carter, 1983). However, Post (1984) points 

out that this solution introduces variance among displays, and is therefore not 

satisfactory. 

Post (1984) addresses the issue by first considering whether the display is to 

be model/ed for surface-mode or aperture-mode viewing. If the display is 

treated as surface-mode, then Post suggests setting Yn equal to the maximum 

luminance of a neutral, uniforn1, luminous (NUL) surround. This approach offers 

a consistent convention among displays, as long as the same units are 

employed for all measurements. Otherwise, the problem which Carter and 

Carter (1983) attempt to overcome remains. For aperture-mode viewing, Post 

advises that Yn should be eliminated altogether in favor of standardized 

luminance units (e.g., cd/m2.). This approach is appealing from an academic 

standpoint. 

In developing the CIELUV chromaticity coordinates, first the (u, v) pair from 

the CIE 1960 UCS was transformed to a more uniform pair, (u,1.5v),denoted 

(u', v'). Chromaticity is then defined by (u*, v" as: 



25 

u* = 13L *(u' - u'n), and 

v* = 13L *(v' - v'n). 

The quantities u'n and v'n are calculated from the tristimulus values of the 

nominally white object-color stimulus, as is Y n. Carter and Carter (1983) 

recommend that the 06500 illuminant be adopted as convention in the 

calculation of u'n and v'n on self-luminous displays (u'n = 0.1978; v'n = 

0.4684). Post (1984) is in agreement with these values if the display is treated 

as aperture-mode, but proposes the use of NUL chromaticities for surface-mode 

modelling. 

The CIELUV formulae are commonly employed in the characterization of 

self-luminous displays (Silverstein and Merrifield, 1985), due to their 

approximate uniformity and alleged suitability to additive light mixtures (Carter 

and Carter, 1982). Color modeling with CIELUV has demonstrated high 

predictability of visual search performance (Carter and Carter, 1981), color and 

brightness contrast (Murch, Crawford, and McManus, 1983), and legibility 

(Uppert and Snyder, 1986). 

On closer examination, however, the CIELUV equations turn out to be 

incompatible with additive light mixing. As L * decreases from moderate values, 

both u* and v* decrease as well. In fact, the entire color space converges to a 

point as L ,.. approaches zero. Thus, the CIELUV color model mimics the 

perception of surface colors and in fact is inadequate to describe self-luminous 

sources, whose chromaticities are roughly constant for all luminance levels. 

Figure 8 illustrates the general shape of the achievable color gamut on a CRT, 
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Figure 8. Three-dimensional representation of CRT color gamut. 
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including the dimension of luminance, depicted with CIE 1931 (x,y, Y) 

coordinates. The shaded region represents the reproducible chromaticities. 

Clearly, the convergent color space represented by CIELUV is a poor rendition 

of the color space of self-luminous sources. 

When using a convergent coror space to measure color differences of self

luminous sources, nonmonotonicities exist that are not present in the physical 

(or perceived) stimuli. This inadequacy is not critical for the comparison of very 

distant colors, but gross inaccuracies can occur when comparing small 

differences, especially in the low luminance region of a color space. Hence, the 

correlations of CIELUV with behavioral data cited above are likely due to large 

color differences. Lippert and Snyder (1986) describe this scaling problem in 

greater detail. 

Despite the mentioned concerns, presently CIELUV is the most frequently 

used tool for characterizing emissive color displays. Silverstein and Merrifield 

(1982) suggest that CIELUV is the best available color space for this purpose. 

To calculate the chromaticity pair (a*,bj in CIELAB space, the following 

equations are used for YNn > 0.008856: 

a* = 500 [(X/Xn) 1/3 - (Y1Yn) 1/3], x/Xn> 0.008856, and 

b* = 200[(YlYn)113 - (Z'Zn)113], Z'Zn> 0.008856. 

If any of the above ratios are less than or equal to 0.008856, then the 

corresponding term (N1Nn)113 is replaced by 7.787(N1Nn)+16/116, where N 

represents either X, Y, or Z The quantities Xn, Y n, and Zn are the tristimulus 
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values of the nominally white object-color stimulus, as described above for use 

in calculating L *. The CIELAB color formulation is applicable to surface or 

object colors (Benzschawel, 1987), and may well represent the perception of 

object colors under certain conditions. Jaeckel (1973) performed correlational 

analyses with roughly 20 candidate uniform color spaces, attempting to predict 

acceptability decisions in the quality control of color textiles. The most 

successful formulae were of the cube-root type, as is CIELAB. Correlation 

coefficients equal to 0.75 were obtained. In an analysis relating color-difference 

judgments of surface colors to predictions by various color-difference formulae 

(Morley et aI., 1975), CIELAB achieved relatively high performance across all 

regions of the color space sampled. Correlation coefficients between 0.72 and 

0.94 were obtained, neglecting some seemingly errant data. 

It was mentioned earlier that L * serves as a correlate for perceived lightness 

of a stimulus. The CIE 1976 UCS also provides correlates for hue and chroma, 

by translating the chromaticity coordinates into polar form. In CIELUV, chroma 

is estimated by C* with the Pythagorean formula 

C* = (u'112 + v li2 )1/2. 

Hue angle, h *, is calculated with the following equation: 

h* = tan-1 (u*/vj. 

A variation on CIELUV has demonstrated high potential in predicting 

legibility of color stimuli. Lippert and Snyder (1986) performed regression 

analyses on reading speed data, using number of digits and various color

difference metrics as independent variables. Modelling color by the 
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chromaticity coordinates u' and v' coupled with the tristimulus value Y resulted 

in performance superior to all other combinations tested. In the two studies, 

correlation coefficients of 0.96 and 0.97 were achieved, describing second

order regressions. Other high-performing models were obtained from the 

following combinations: log Y, u', v'; L *, u', v'; and L *, u*, v*. In al\ independent 

regressions performed on these sets, a consistent best-fitting ratio of 2.2 to 1 

was obtained between u' and v', which strongly suggests that this scaling of the 

chromaticities closely resembles that of the perceptibility of color in tasks of 

recognition and legibility. The Y 2.2u' v' space (or, identically, the Y 1.47u v 

space) has the additional advantage of maintaining orthogonality between the 

luminance and the chrominance dimensions, which CIELUV relinquished in 

favor of more uniform spacing. The independence of these attributes is more 

amenable to predictions of responses to additive light mixtures, since the entire 

color space is not forced to converge to a single colorimetric representation, as 

described earlier. 

Opponent C%r Space 

A theory of color vision that has received much recognition and a high 

degree of acceptance recently is the opponent color theory (Boynton, 1986). 

Opponent theory postulates the existence of three antagonistic nervous 

processes in the visual system: one dedicated to achromatic perception, and 

two to chromatic vision. One of the chromatic processes is tuned to perceiving 

light along a red-green dimension; the other responds to yellow-blue 

stimulation. 
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The opponent theory was derived to account for the color appearance of 

visual stimuli, which trichromatic theory fails to explain. Specifically, observers 

are able to consistently estimate the amounts of six imaginary elementary colors 

in a stimulus: black, white, red, green, blue, and yellow (Hard and Sivik, 1986). 

Since experimentation has demonstrated that a stimulus cannot be perceived 

as having both red and green, both blue and yellow, or both black and white 

(Dimmick, 1965), it is believed that one perceptual process accounts for 

distinctions between the members of each of these opponent pairs. In spite of 

its appeal, Boynton (1986) argues that the opponent color theory " ... is a gross 

oversimplification even of the domain it intends to cover" (p. 245). It fails to 

account for chromatic contrast effects and chromatic adaptation (Boynton, 

1986). 

In a strict sense, the three opponent channels described above form the first 

stage of color perception in the visual system (Wyszecki and Stiles, 1982). 

However, opponent vision, as it is generally described and investigated, is more 

accurately referred to as zone theory. The zone theory of color vision 

hypothesizes three input channels that are selectively sensitive to short, 

medium, and long wavelengths, subsequently encoded into the achromatic, 

red-green, and blue-yellow opponent channels at a second stage. Zone theory 

is thus able to explain both color-matching and color-appearance phenomena 

(Wyszecki and Stiles, 1982). Due to the popularity of the term opponent theory, 

however, it will replace zone theory henceforth. 

Figure 9 illustrates the first two stages of opponent color vision. Stage one is 

the encoding of light into nervous system responses based on the cone 
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sensitivities to light, as described earlier in the section on trichromatic vision. 

The output of this phase is three signals which will be referred to as the R, G, 

and B responses. The second stage, comprising the opponent channels, is 

modelled as linear combinations of the R, G, and B signals. Since the isolation 

of the opponent stage for investigations of its response characteristics is not 

possible, the most simplistic model that conforms to empirical findings is 

generally employed. Thus, the achromatic channel has as its input the sum of 

the three fundamentals, which all contribute luminance information in 

brightness judgments (Boynton, 1986; Vos and Walraven, 1971). The red

green channel responds to a difference in stimulation between the Rand G 

inputs. When the R response is greater, the channel output is labelled positive 

by convention, and the observer perceives some amount of red in the stimulus. 

Similarly, green is perceived when the G response is greater than the R 

response, causing a negative output. When the two responses are equal, the 

red-green channel contributes no chrominance information. Since the B 

fundamental has a response spectrum sufficiently isolated from the Rand G 

fundamentals (Wald, 1964), the latter two can combine to oppose the former in 

determining the yellow-blue channel activity. This supposition is supported by 

observation; greater stimulation in the middle and upper portions of the 

spectrum, as compared with the short-wavelength region, produces a yellow 

sensation. 

In order to effectively model the opponent color theory for purposes of 

manipulation and display, the actual response spectra of the Konig 

fundamentals must be detern1ined. This task has been approached by 
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psychophysicists and neurophysiofogists, often resulting in considerable 

conflict among research findings both between and within disciplines. 

Neurophysiological studies generally consist of the isolation and electric 

probing of a single cone, under the belief that the cone absorption spectra 

provide the best estimates of the receptor mechanism sensitivities (Smith and 

Pokorny, 1972). Some of the problems encountered when attempting to 

measure the cone absorption spectra are listed below. 

1. The selective filtering of the ocular media (the lens, dioptric tissues, and 

macular pigmentation) must be taken into account (Smith and Pokorny, 

1972; Wald, 1964). 

2. All research is performed on animals, from which the transferabiHty to 

humans is unknown. 

3. Significant variability in the absorption spectra exists due to individual 

differences in light sensitivity and density of macular pigmentation (Smith 

and Pokorny, 1975), as well as intra-retinal variations of the macular 

pigment and cone densities (Wald, 1964). 

In addition to these procedural obstacles, the interpretation of results is 

difficult. The absorption spectra define the sensitivities of retinal photopigments, 

but subsequent processing of this information in cortical and sub-cortical visual 

channels is not presently understood, let alone the highly elusive cognitive 

mechanisms that guide the observer's responses. 
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Psychophysical experimentation has the advantage of directly addressing 

the observer's behavioral response to retinal stimulation. However, the ability 

to isolate the responses of each of the individual cone pigments is highly 

questionable, in particular the Rand G pigments. The nearly global approach 

adopted in psychophysical research is to determine the sensitivities of color

deficient observers and generalize the results to the normal trichromatic 

observer. Underlying this procedure is the theory that dichromats possess two 

distinct response systems, which are identical to two of the three distinct 

response systen1s that mediate the trichromat's visual experience (Wyszecki 

and Stiles, 1982). 

The three classes of dichromacy - tritanopia, deuteranopia, and protanopia 

- correspond to the absence of the B-, G-, and R-receptor mechanisms, 

respectively. Each of these types of color deficiency exhibits a characteristic set 

of non-parallel confusion lines on a CIE chromaticity diagram, along which all 

chromaticities have identical appearance (Macleod and Boynton, 1979; 

Thomson and Wright, 1953). The points of convergence of these sets of lines 

are known as confusion points, or copunctal points. The Konig fundamentals 

are theoretically derivable by synthesizing the color-normal observers' 

response data with the confusion points of the three types of dichromats (see 

Vos and Walraven, 1971, for a description of this process). However, the 

assumptions regarding the equivalence of individual cone sensitivities among 

observers with different numbers of cone types is disputable. A conceptually 

equivalent argument is that blind or nearly-blind individuals have equal hearing 

sensitivity to those with normal vision, a fact which is far from certain. Despite 
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this uncertainty, the psychophysical procedure described above presently offers 

the most plausible means of determining the cones' response spectra. 

Vos and Walraven (1971) derived a set of Konig fundamentals, pictured in 

Figure 10, using commendable choices of confusion points (Smith and 

Pokorny, 1975). Of late, consensus has been reached that the locations of the 

protanopic and deuteranopic confusion points are located at (x,Y) coordinates of 

(0.7465, 0.2535) and (1.40, .. 0.40), respectively. The tritanopic confusion point 

has more controversy associated with it. However, the empirical results of 

Thomson and Wright (1953) were confirmed using separate information by Vas 

and Walraven (1971): (x,y) is equal to (0.1748, 0.0044). The assumptions 

underlying Vas and Walraven's conclusions are: 

1. Color vision is mediated by two opponent processes: A versus 'G, and (A+G) 

versus B. 

2. Dichromatism is caused by the lack of one of the receptor mechanisms. A 

deviation in the relative numbers of the remaining two cone types 

accompanies this deficiency. 

3. The ratio of A cones to G cones in tritanopes is 2, to maintain a reguJar two

dimensional retinal mosaic and approximate empirical findings. 

Under these assumptions, the A, G, and B responses can be expressed in terms 

of Judd's (1951) modified X'Y'Z: tristimulus values as: 
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R 0.15516 0.54307 -0.03596 X' 

G = -0.15516 0.45693 0.03060 y' 

BOO 0.00536 Z' 

The responses of the second stage opponent channels can be easily obtained 

as: 

A 
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R - G 

(R -+G )-B 

Other derivations of the opponent channels have included only Rand G in 

the calculation of the achromatic response. However, as Guth and Lodge 

(1973) discovered, the opponent cofor model in this form tends to break down at 

suprathreshold levels of stimulation. The opponent model presently offers a 

convenient method of describing color appearance. Its utility as an accurate 

predictive tool, however, is yet to be seen. 

C%r Representation on Luminous Sources 

Self-luminous sources of light mix additive/y to form various colors, since 

their energies combine with one another in an additive fashion. In other words, 

the combination of several self-luminous sources will give off energy that is the 

sum of the energies of the individual sources, for all wavelengths. The most 

common luminous source is the CRT, which deserves special attention. 
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Colors are achieved on CRT monitors through the electric stimulation of 

three types of phosphors, each possessing a different power spectrum. 

Individually, the phosphors have a red, green, or blue appearance; the triplet is 

termed RGB. Only colors bounded by the lines joining the RGB chromaticities 

on the CIE 1931 Diagram are producible on the monitor. The luminance output 

of any phosphor type is a power function of the excitance voltage, the exponent 

of which relationship is termed gamma. Thus, specified luminance outputs can 

be achieved from each of the phosphor types by careful selection of the drive 

voltages. In practice, control of the drive voltages is generally very imprecise, 

leading to stability problems of the output. Farley (1987) found significant 

spatial and temporal instabilities in high-quality experimental CRT monitors. 

According to Farley(1987), long-term temporal nonuniformities in luminance on 

the order of 5% to 80/0 are common, as are chromaticity fluctuations of up to 

±O.015 in u' and V'. Thus, color experimentation using CRTs is limited by this 

factor. 

The National Television Standards Committee (NTSC), which dictates 

broadcasting speCifications across North America, defines a format for 

colorimetric information: a luminance signal and two chrominance signals. This 

information is then decoded by standard television receivers into the 

appropriate RGB levels for display. The NTSC color model was developed 

under strict bandwidth constraints, owing to the original standards set up for 

monochrome transmissions. Thus, the display system's ability to produce 

colors can be limited by incoming transmission signals. The NTSC standard 

signals are plotted in Figure 11. 
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The motive behind the NTSC color model was compatibility with 

monochrome displays; however, the colorimetry is also very similar to opponent 

color models (Buchsbaum, 1987). The luminance channel is equivalent to Yin 

the CIE 1931 color space. The chrominance channels, in-phase (~ and 

quadrature (O), are derived from polar transformations of the (R- Y) and (8- Y) 

values (see Sproson [1983] for details). 

Buchsbaum (1987) performed a principal components analysis on Vos and 

Walraven's (1971) fundamentals. The resultant orthogonal dimensions can be 

interpreted as a luminance channel, and two chrominance channels of similar 

shapes to the NTSC signals, in which opponent mechanisms are evident. The 

principal components represent the maximally compressed infornlation from the 

fundamentals, eliminating the redundancies of their correlation (Buchsbaum, 

1987). Buchsbaum rationalized his method by asserting that neural processing 

of visual information achieves similar efficiency. 

All colors in the monitor gamut can be obtained through microprocessor 

control. This is generally performed by digital specifications of the voltage gun 

levels, followed by a digital-to-analog conversion (DAC). If eight bits are 

dedicated to the drive level of each gun, a total of 256 levels of luminance is 

obtained per phosphor. This translates to over 16 million unique colors that can 

be displayed. Despite this overwhelming number, the eight bits allow for only 

discrete stepping of perceptual colors at times, not providing sufficient 

resolution to obtain all colors within the gamut (Mulligan, 1986; Saunders, 

1987). Saunders (1987) found that this deficiency, known as quantization error, 

is approximately uniform in CIELAB units throughout the RGB space. To 
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elin1inate quantization errors, 10·bit resolution is considered necessary, 

producing perceptually smooth transitions across the color gamut for most 

applications (Saunders, 1987). However, even this value may underestimate 

the resolving ability of the visual system in certain regions of the color gamut. 

C%r Manipulation on Luminous Sources 

Often, the user of color systems desires to exert control in order to obtain 

particular colors. Real·time interactive color manipulation can provide a 

continuous-feedback control system as a first step in ameliorating this process. 

In optimizing the human·machine interface for color manipulation, the 

objectives are speed, minimal physical and cognitive effort, and ease of 

learning (Schwarz, Beatty, Cowan, and Gentleman, 1984). 

The ability to represent color on luminous sources with a variety of spaces 

has been exploited recently by several investigators (e.g., Hartmann and 

Madden, 1987; Lucas, 1987; Marrs, 1986). Benefits such as the display of 

common color order systems, color formulation, color corrections, and 

psychophysical experimentation can be derived from flexible color modelling 

software (Lucas, 1987). Stone (1987) dichotomizes color spaces into device

oriented and perceptually-oriented classes. Device-oriented color spaces 

output color signals that depend on the input signal-phosphor configuration. 

They allow the systematic exploration of the color gamut and can be 

implemented with relative facility. Perceptually oriented color spaces are 

derived through careful calibration of the hardware and appropriate selection of 

the transformations to convert input signals to colors. It has been hypothesized 

that the representation of color in a perceptually intuitive color space enhances 
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the users ability to manipulate color (Aranoff, 1984; Naiman, 1985; Ohsumi, 

1986). 

Aranoff (1984) describes the ease of color manipulations using hue, 

saturation, and luminance controls on a graphics system designed by Eikonix 

Corporation. Fusco (1984), an end user of the system, supports this claim. 

Schreiber (1986) has also implemented distinct luminance and chrominance 

controls on a color prepress system, under the assumption that this approach 

lends itself to relative ease of color manipulation for those users inexperienced 

in CMYK printing. (Color printing is based on the subtractive color process, 

generally employing the cyan (C), magenta (M), and yellow (Y) primaries. A 

dark neutral (black, or K) is often added to increase the achievable gamut of the 

print.) Ohsumi (1986) finds virtue in the HSV (hue, saturation, and value) and 

HLS (hue, lightness, and saturation) color spaces, which take on the polar form 

illustrated in Figure 1. He declares that not only do these color models 

descriptively represent human color perception, but they are also algorithmic, 

allowing for ease of data analysis. Further, HSV and HLS require less training 

than do device-oriented color spaces (Stone, 1987). HSV and HLS lend 

themselves to implementation on CRTs, since they are defined so as to map 

directly into the RGB locus (Foley and Van Dam, 1984). 

Naiman (1985) implemented an opponent-type color space on a CRT 

display by combining the RGB phosphors in the format specified in Figure 9. 

His claims of increased compatibility with the visual system are marred by the 

hardware dependency of the color signals achieved. 
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A work of particular relevance to the topic at hand was carried out at the 

University of Waterloo by Schwarz et al. (1984; Schwarz, Cowan, and Beatty, 

1987). Five color spaces (RGB, HSV, Via, CIELAB, and opponent colors) were 

examined in a highly controlled environment, using a color-matching task on a 

CRT. Measures of match time and match accuracy (measured in CIELAB) were 

obtained in a between-subjects design. The opponent space employed the 

concepts of opponent theory expressed in Figure 9, but used the RGB phosphor 

power spectra in the first stage, rather than physiologically based fundamentals. 

Overall, the results demonstrated no clear favorite among the chosen color 

spaces, although significant effects of color were found under both match time 

and accuracy measures. Among all color spaces, the RGB and opponent 

spaces generally fared best. The strategy of the subjects was ~early 

unanimous in one respect: the initial convergence of the controlled patch to the 

reference patch was temporally distinct from the refinement phase that occurred 

to achieve the exact match. The most sensitive measure of inter-space 

differences appeared to be the time required to converge on the reference color 

from a large color distance (the fine-tuning process appeared to be too 

haphazard for meaningful results to be derived from systematic analysis). 

Under this measure, the RGB and opponent color spaces were superior. This 

result should be qualified, however. Only five reference colors were employed, 

against a neutral controllable patch in every condition. Of the five reference 

patches, saturated red, green, and blue were included, the regions of which 

were easily accessible in RGB by one dimension. Thus, the choice of stimuli 

favored the RGB space. 
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As for learning, it is clear that the subjects improved in both match time and 

accuracy from earlier to later trials. However, the interaction between training 

time and color space was generally not significant. 

Research Needs 

Tremendous progress in understanding and characterizing color perception 

has been made over the past years. The application of this acquired 

knowledge to the design of the control dynamics for color systems, however, is 

largely inadequate. A review of the literature has demonstrated a general 

deficiency in fundamental research on color controllability; only one study 

(Schwarz et aI., 1984; Schwarz et aI., 1987) was found that systematically 

investigated various color spaces in a well-controlled environment. The 

outcome of that study suggests that control dynamics indeed playa significant 

role in the performance of an interactive color-manipulation system. The 

experimental environment, however, did not provide for measures sensitive 

enough to classify individual color spaces based on their controllability_ 

In the development of a color-manipulation system, the following provisions 

for the user should exist: 

• ease of use 

• ease of learning 

• flexibility to users of varying experience 

• speed 

• accuracy 

Research which addresses each of these issues is required. Critical to the 

success of the color system are well-chosen control dynamics. Therefore, 
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experimentation aimed specifically at evaluating candidate color spaces with 

respect to the above criteria is worthwhile. With this motive, the experiment 

described in the remaining sections was performed. 



METHOD 

Subjects 

Eighty subjects (42 males and 38 females) with normal or better than normal 

color discriminability, as determined by the Farnsworth-Munsell 100-Hue Test, 

participated. The subjects were inexperienced in color-manipulation tasks, and 

all had less than 50 hours' experience in mixing colors, such as paints and inks. 

Further, the subjects had at feast 20 hours' experience with QWERTY 

keyboards. All participants were reimbursed in the amount of $3 per hour, with 

a $4 bonus offered to those who arrived at their scheduled appointments on 

time. 

Apparatus 

The color-manipulation system employed in this study, the REal-Time 

Interactive COlor Manipulation System (RETICOMS), was custom-built in the 

Displays and Controls Laboratory of the Department of IEOR at Virginia Tech. 

The RETICOMS is pictured in the photograph in Figure 12. It consists of two 

color patches: a reference or target patch above a controllable patch. Each 

color patch is created by mixing the energies from red (R), green (G), and blue 

(8) T-13/4Iight-emitting diodes (LEOs). The LED outputs are combined inside a 

miniature integrating sphere, the drawings of which are included in Figure 24 in 

Appendix C. The diodes are mounted inside the sphere in the front 

hemisphere, where they and their first reflections are invisible to the observer. 

The diodes are mounted on highly reflective teflon plugs. The inside of the 

sphere is coated with a barium sulphate high reflectance white coating. A small 
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Figure 12. Photograph of the RETICOMS. 
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rectangular port in the sphere allows the subject to see inside, aided by a lens

and-mirror combination. A rectangular aperture placed between the lens and 

the mirror acts as both the light stop and the viewing surface. The patches 

subtend 2.1 by 1.7 degrees at the cornea at a viewing distance of 0.5 m. 

The RETICOMS is hidden by a flat black facade, which has a port cut in it for 

a biocular view of the color patches. Surrounding the hole in the facade is a 

two-inch border of white cardboard, the chromaticity of which equalled that of 

CIE Standard lIIuminant B within 0.03 in x and y, using a filtered tungsten 

illuminant. The luminance of the white cardboard surround was held within 

three percent of 1.5 cdlm2• 

The properties of the diodes are outlined in Table 1. Figure 13 depicts a T-

13/4 LED. Figure 25 in Appendix C displays the power spectra of the LEDs. 

The intensity of the output from a diode is modulated by altering the duty 

cycle of a square-wave generator, operating at a 150-Hz refresh rate and a 

constant current. The duty cycles are controlled with an IBM PC-XT, with 12 bits 

allotted to each channel. The leads to the blue diodes are soldered to brass 

strips that are cooled through convection provided by a nearby whisper fan. 

Characterizing the RET/COMS. The characterization of the RETICOMS took 

place in three stages: (1) determining the stability of the individual diodes, (2) 

calibrating the system to CIE coordinates, and (3) determining the stability of the 

calibrated system. 
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Table 1. Specifications of LEOs used in Experiment 

DIODE 

Item Green Red Blue 

Manufacturer Siemens Siemens Siemens 

Part Number LDG5591 LDHS5192 LDB5410 

Casing 
• Type T-1 3/4 T-1 3/4 T-1 3/4 

• Color colorless orange colorless 
• Opacity clear clear clear 

Viewing Angle 24 degrees 24 degrees 16 degrees 

MateriallTechnology GaP TSN SiC 

Peak Wavelength 568 nm 635 nm 480 nm 

Rise Time 50 ns 100 ns (unknown) 

Fall Time 50 ns 100 ns (unknown) 

Luminous Intensity 40 mcd (@ 20 mA) 20 mcd (@ 10 mA) 2.5 - 6.0 mcd 
(@ 20 mA) 

Luminous Performance 
• Rating 6.31m/A 6.3 1m/A 0.4 - 0.91m/A 

Mgximum Ratings 
• Forward Current 60 rnA 60 rnA 25mA 
• Reverse Voltage 5V 5V 1 V 

C h rQ mali~il!l 
·X 0.693 0.470 0.167 
.y 0.307 0.529 0.261 
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Figure 13. T-1 3/4 discrete LED emitter. 
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(1) Diode Stability_ Individual diodes were placed directly in front of a silicon 

detector to measure radiance, the voltage output of which was fed into an IBM 

PC-XT via a 12-bit analog-to-digital converter (ADC). Simultaneously, the 

voltage across the diode and the driving current were continuously monitored 

through the same ADC set-up_ The diode was placed in the current-stabilized 

electronic configuration which is employed in the RETICOMS. The current, 

voltage, and radiance were recorded for several low-duty-cycle to high-duty

cycle conditions, and vice versa. Results of these tests showed the voltage to 
.~ 

adjust as the current remained constar'1t (within 0.020/0 of set value) for the R, G, 

and B diodes for all conditions. For the Rand G diodes, the radiance correlated 

extremely well with the current, also remaining within 0.02% of set value. For 

the blue diodes, however, an exponential decay with roughly a 30-second time 

constant of the radiance output was determined. The maximum deviation from 

the set value occurred in the full-off to full-on condition, with a magnitude of 20/0. 

This condition provided an extremely conservative test, since the subject does 

not effect such rapid changes in the actual experiment. 

(2) Calibrating the RETICOMS to CIE coordinates. Once the system was 

placed in its final configuration, an extensive set of photometric measurements 

across the range of duty cycles (at 5% increments) was collected for each 

channel individually (R reference, G reference, B reference, R control, G control, 

and B control). Each of the patches was imaged onto a fiber-optic cable, which 

in turn led to an EG&G Gamma Scientific NM-5 monochrometer. The 

monochrometer was coupled with an EG&G DR-2 radiometer, the output of 

which was fed into a lowpass filter, then to an IBM PC-XT via a 12-bit ADC. The 
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measurement system was calibrated to a Hoffman Engineering RS-65 standard 

radiance source in the specific configuration used to measure the RETICOMS, 

just prior to the patch measurements. Farley (1987) determined the 

repeatability of this measurement system to be within ±O.002 in u' and v', and 

within ±O.S% in luminance. 

The objective of the measurements is to obtain a 3 x 3 RGB to XYZ linear 

conversion matrix. Thus, it was hoped that the luminance output would vary 

linearly as a function of duty cycle. However, it turned out that linear 

regressions of the XYZ tristimulus values on the R, G, and B duty cycles 

introduced prediction errors of up to 2%, occurring primarily in the midrange. 

Fortunately, quadratic equations were able to predict the tristimulus values 

within the error range of the measurement system (approximately 0.5%) for all 

points. The product-moment correlations between the predicted and actual 

tristirnulus values were 1.0000 for all six channels. Hence, a two-part 

characterization was used: a linear transformation between XYZ and R, G, and 

B, followed by quadratic corrections of R, G, and B to obtain the duty cycles. 

Due to slight variations in power spectra among LEOs, and since the driving 

currents for the LEOs could not be precisely set, the transformations to XYZ are 

different for the reference and control patches. The characterization equations 

are presented in Appendix A. 

Just prior to the data collection stage of this experiment, the RETICOMS 

experienced an unexplainable surge in the diode current of the B control 

channel. The system was checked out, all channel currents were reset, then 

recalibration took place. The second recalibration was much less involved than 
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the first; full-on values were measured along with three other duty cycles (50/0, 

20%, and 50%) for each channel. The predictions of the tristimulus values of 

these points based on the quadratric equations were again as accurate as the 

measurement system. Consequently, the XYZ to RGB matrix was adjusted to 

reflect the newly set full-on values, but the quadratic transformation remained 

unchanged from the original set of measurements. As explained in the next 

paragraph, however, it is felt that this second characterization may have 

introduced some biases into the calibration. 

(3) Determining the stability of the calibrated system. Twelve color pairs (a 

color pair consists of a reference patch and a control patch) were chosen for 

use in the experiment, as described in the Stimuli section below. The RGB duty 

cycle values for the reference and control patches wer~ determined using the 

characterizations just described. Twice during the course of data collection a 

set of measurements was made with the Gamma Scientific radiometric system 

to check the stability of the stimuli. The first set of measurements incorporated 

all stimuli; the second set addressed the neutral stimulus plus four others for 

each of the reference and control patches. The results of these measurements 

showed that the original characterization was in error, systematically biasing the 

u' and v' coordinates of the patches by up to 0.0067 in the positive direction. 

The long-term repeatability of these biased values, however, as indicated by the 

second set of measures one week later, was within 0.0018 in both u' and v' for 

the reference patch, and within 0.0034 in u' and v' for the control patch. As for 

luminance, the original characterization was within 1.20/0 of the subsequently 

measured values, and usually much better. The long-term repeatability was 
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within 0.5% for the reference patch and 1.20/0 for the control patch. Appendix B 

contains the expected and measured colorimetric values referred to above. 

Additionally, daily calibration checks of the neutral patches were performed 

with a Minolta CS-100 colorimeter. The repeatability of the chromaticity 

coordinates was within the error range of the measuring instrument (0.004 unit 

in x and y) across the duration of the study. 

Stimuli. The current for each channel in the RETICOMS was set such that 

the chromaticities of CIE Standard lIIuminant B would be produced at roughly 

the full-on duty cycles of all channels. This was necessary in order to associate 

meaningful colors with the hardware-dependent color spaces. For example, the 

HLS color space assumes that equal values of R, G, and B produce a neutral. 

This is only true if the hardware is set up in the appropriate fashion. Since the R 

diodes are both more intense and more saturated than the B, the R driving 

currents had to be tremendously reduced. This was the case also for the G, 

although to a lesser extent. Thus, the achievable color gamut of the RETICOMS 

was significantly compromised in order to accommodate the hardware

dependent color spaces employed in the experiment. The color gamut of the 

RETICOMS is illustrated in Figure 14 on CIELUV color coordinates, for the iso

lightness planes associated with L'" values of 15 through 35, in increments of 5. 

Having determined the RETICOMS' color gamut, 12 color patch pairs were 

chosen for the experiment, under the following constraints: 

1. All patches have a luminance greater than 3.5 cd/m2, to ensure that the 

assumption of photopic viewing inherent in the calibration is not violated. 
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Figure 14. Achievable color gamut of the RETICOMS. 
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2. Neutral patches are set at Standard lIIuminant B chromaticities (x = 0.3485, Y 

= 0.3517) and 5 cd/m2. 

3. All patches must be set at a color distance of at least 5 L1£ units in CIELUV 

from all borders. 

4. Control-target distances are either large (L1E> 30; Patches 1, 4, 5, 6, and 8) 

or small (L1£ < 15; Patches 2,3,7,9, and 10). 

5. Of the 10 test patch pairs, 8 are roughly evenly spaced in h* (hue), one is 

neutral (Patch 9), and one is a flesh tone (Patch 10). 

6. One practice patch pair is included, with a large starting color distance. 

The stimuli are presented on (u*, vi coordinates in Figure 15. The Y, u', and V' 

values are tabulated in Tables 23, 24, and 25, respectively, in Appendix B. 

The RETICOMS' color gamut is bounded in several regions by borders, 

relating to the full-on and full-off values of all of the RGB channels. Certain 

regions of the color gamut are tightly constrained by these borders, and may be 

accessible only from a very limited number of directions. These corners of the 

color gamut were avoided as much as possible in the selection of starting patch 

values, within the constraints just described. 

Input device. The experimental input device was a standard QWERTY 

keyboard, with eight keys isolated both visually and tactually, as shown in 

Figure 16. The three dimensions were labelled generically as 1, 2, and 3. 

Opposing arrows designated the upper row as increasing and the lower row as 

decreasing. The space bar was provided as a toggle switch to allow the subject 
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Figure 15. Stimuli of experiment. The bold characters refer to the reference patches; the 
outlined characters are the starting control patch values. 0 is the practice patch. 
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Figure 16. Input device. 
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to transfer between coarse (a-bit resolution) and fine (12-bit resolution) 

movements. Every trial started in the coarse mode. The fine movements 

provided changes below the resolvability of the human visual system. 

All color space inputs were normalized with respect to the hardware's 

dynamic response. Thus, the number of keystrokes required to adjust the LEOs 

from one end of the gamut to the other was independent of the color space 

defining its response to the control maneuvers. Due to the nonlinear 

transformations occurring between many of the color spaces and RG 8, 

however, this invariance could not be strictly enforced for all regions of the color 

gamut. 

Design 

Independent variables. The main variable of interest is color space. The 

eight color spaces listed below were investigated. Four of the color spaces are 

not calibrated to a norm; the remaining four are hardware-independent. The 

uncalibrated color spaces rely on mathematical algorithms that directly address 

the RGB values. The algorithms are constant across all hardware employing 

them. Hence, the resulting colors obtained by any specific values of the three 

din1ensions of an uncalibrated space are dependent on the physical 

characteristics (particularly the tristimulus values) of the RGB primaries 

addressed; the color spaces are hardware-dependent. Conversely, hardware

independent color spaces are calibrated to a standardized set of coordinates 

(usually the CIE XYZ tristimulus values). Thus, the colors obtained in these 

spaces are defined with respect to standardized units. The transformation from 
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these units to the hardware's RGB values is unique to each system, but does 

not affect the colors achieved. 

The transformations required to produce the investigated color spaces on 

the RETICOMS are defined in Appendix A. 

Hardware-dependent spaces: 

1. RGS (the intensities of the individual primaries) 

2. R'G'S' (the intensities of imaginary primaries) 

3. HLS (hue, lightness, saturation) 

4. VIQ (NTSC standard color television signals) 

Hardware-independent spaces: 

5. CIELUV (L *u*vj 

6. Polar CIELUV (L *h*Cj 

7. V 2.2u· v' (CIE standard luminosity curve combined with the CrE 1960 UCS 

chromaticity coordinates u' v' in the ratio 1.47:1) 

8. ATD (opponent signals based on Vos and Walraven's (1971) fundamentals) 

The R'G'B' space, which is an arbitrary linear transformation from RGB, is 

included to provide a measure of control. RGS and R'G'B' are both sets of 

primary colors. The only difference between the two is that the RGB space 

represents the actual physical primaries, whereas R'G'B' reflect a set of 

imaginary primaries. Since this difference is assumed to be invisible to the 

user, the performances of the two color spaces should be the same. 

Color space was tested between subjects, 10 participants per space, 

randomly assigned. Ten color pairs were presented individually to each subject 
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in each trial. The pairs were balanced across all subjects in a color space using 

a Latin square. The 1 a color pairs were constant across all color spaces and all 

trials. 

The color distances between the reference patch and the control patch in the 

color pairs were chosen such that 5 are large (>30 L1E units) and 5 are small 

«15 L1E units), as measured by the CIELUV color distance formula. These 

distances were chosen by attempting to maximize the dissimilarity between the 

two, while remaining at least 5 AE units from all borders. The experimental 

design is graphically illustrated in Figure 17. 

Dependent variables. The following measures were extracted for each color 

match (all distances are measured in L1E units of CIELUV): 

1. accuracy of final match 

2. time to final match (in seconds) 

3. accuracy of closest match 

4. drift (color distance between closest match and final match) 

5. frequency of matches within one L1E unit of reference 

6. frequency of matches within three L1E units of reference 

7. frequency of matches within five L1E units of reference 

8. frequency of time outs (failure to complete a match) 

9. subjective difficulty of match (expressed on a 1 a-point anchored scale) 

10. subjective confidence in match (expressed on a 1 O-point anchored scale) 
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Procedure 

The investigation consisted of two sessions per subject. In the first, the 

subject performed the Farnsworth-Munsell 1 aO-Hue Color Vision Test. Those 

who scored below normal (100 demerit paints or greater) were excluded from 

the study. In the second session, the practice run and three test trials were 

carried out on the RETICOMS. Subjects trained briefly on the system prior to 

testing by completing one match, learning to control the three dimensions in 

their assigned color space. A maximum of 3.5 minutes was allotted to this trial. 

A warning sound was provided to the subject after 3 minutes had elapsed. All 

subjects matched the same color, which was different from those employed in 

the test trials. 

Just prior to a match, the subject would stare at the pair of neutral patches, 

hands placed over keys. The dominant hand would operate the din1ensions 

and the toggle switch, the other would press the start/stop key. Two start/stop 

keys were provided to accommodate both left- and right-handed participants 

(Figure 16). When the subject was ready to begin, s/he pressed the start/stop 

key. This started the timer and allowed both the reference patch and the control 

patch to be displayed. The subject then proceeded to manipulate the three 

dimensions of the color space until s/he felt that a suitable color match had 

been achieved. At this point, the start/stop button was again pressed, stopping 

the timer and displaying the neutral field. While looking at the screen, the 

subject responded to the questions of perceived difficulty and match 

confidence, by stating a number between 1 and 10 (where 10 is highest). In 

trials two and three, the subject recorded the subjective estimates on a slip of 
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paper beside the keyboard. A maximum of 3.5 minutes was allotted for a color 

match, with a warning sound provided after 3 minutes. 

Instructions for participants. An extensive set of instructions was read aloud to 

each subject at the start of the cOlor-matching session. The instructions 

described the mechanics of color-matching on the RETICOMS, the 

experimental protocol, and a general approach or strategy for learning to match 

colors. A copy of the instructions is included in Appendix G. 



RESULTS AND ANALYSIS 

Two sets of analyses were performed on the data collected in this 

experiment: parametric analyses on the time and accuracy data (dependent 

measures #1 through #4 in the previous section) and the subjective ratings 

{dependent measure #9 and #10}; and nonparametric analyses on the 

frequency of completed matches under various criteria (dependent measures 

#5 through #8). As will be demonstrated, the parametric analyses provide 

conservative estimates of the sizes of various effects, due to the substantial 

deviations from normality of the obtained frequency distributions. Conversely, 

despite the reduced power inherent in the selected nonparametric tests, which 

assumed only nominal-scale properties of the data, they avoid the confounding 

of the non-normal distributions and provide sensitive measures of the effects 

present. The analyses of the subjective ratings will be presented after the time 

and accuracy data have been addressed. 

Parametric Analyses of Time and Accuracy Data 

All parametric analyses involved the use of the analysis of variance 

(ANOVA) procedure, the summary tables of which are contained in Appendix D. 

Effects are considered significant if the probability of a Type-I error (p) is less 

than 0.05. Multiple comparisons were performed on the significant main effects, 

using the Newman Keuls criterion at the 0.05 overall level of significance. All 

accuracy measures use the CIELUV color difference formula for their 

calculations. The results are presented by dependent measure. 
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Kolmogorov-Smirnov goodness-of-fit tests relating the overall sample to a 

normal distribution resulted in a rejection of the null hypothesis at the 0.01 level 

at significance for all dependent measures. In addition, the distributions broken 

down by color space and those broken down by patch were found to be 

significantly different from normal at p < 0.01 in all cases. As a result, the 

effectiveness of the parametric analysis in uncovering effects is reduced. The 

results of these goodness-at-fit tests - the deviation statistic (D) and the 

associated p-value - are summarized in Table 32 in Appendix E. 

Accuracy of Final Match. The ANOVA summary table for the dependent 

variable Accuracy of Final Match is presented in Table 26 in Appendix D. 

Generally, performance as measured by this variable was poor. The subjects 

achieved a mean final 11E distance of 6.3 units from the target. The overall 

standard deviation is 6.7 units. 

The main effect of Color Space (F = 9.64, P < 0.0001) reveals only 

statistically significant differences occurring between the opponent color space 

and every other space - the opponent space yields substantially greater errors 

than do any of the other color spaces, having a final match accuracy of 12.5 LlE 

units distance from the reference color. The mean accuracy for each color 

space, along with the results of the multiple comparisons and standard 

deviations, is presented in Table 2. 

The main effect of Trial (F = 7.96, P = 0.0005) clearly demonstrates 

improvement in match accuracy from the first trial to the second. The mean LlE 

difference for trial 1 is 6.9 units, significantly worse than that of trial 2 (6.0 units) 
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Table 2. Accuracy of Final Match means by Color Space. Means adjacent to a 

common line are not significantly different. 

Color Space Final Match (~E) Standard Deviation (~E) 

CIELUV 4.083 5.719 

Polar CIELUV 4.101 4.650 

R'G'B' 4.105 3.002 

4.110 2.988 

V 2.2u' Vi 5.203 6.592 

via 7.923 6.660 

HLS 8.105 6.773 

Opponent 12.482 9.376 
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and trial 3 (5.9 units). The latter two trials, however, are not significantly 

different from one another. 

The mean final accuracy of the large distance condition (6.9 units) was 

poorer than the small distance condition (5.7 units). Thus, a greater match 

distance resulted in reduced (F = 16.17, P < 0.0001) accuracy of the match. 

The main effect of Patch' (F = 9.09, P < 0.0001) was significant. The means, 

standard deviations, and results of the multiple comparisons are displayed in 

Table 3. Patch 4 (8.7 units) was the most difficult to match, whereas the best 

results were achieved matching patches 9, 10, 2, 8, and 7. Four of these five 

patches involved short match distances. No systematic explanation is apparent 

for these differences. 

Final Match Time. The ANOVA summary table for Final Match Time is 

presented in Table 27 in Appendix D. Overall, performance as measured by 

this variable was good. The subjects achieved a match by 159 seconds on 

average, with a standard deviation of 54 seconds. 

The main effect of Color Space (F = 5.89, P < 0.0001) unveils some 

interesting differences among pairs. The CIELUV and Polar CIELUV spaces 

yielded significantly shorter match times than did the Opponent, HLS, or via 

spaces. The mean match time and standard deviation for each color space, 

along with the results of the multiple comparisons, are presented in Table 4. 

Improvement in match time occurred across all three trials (F = 65.67, P < 

0.0001). The mean match time for trial 1 is 173 s, significantly longer than that 

of trial 2 (159 s), which is significantly longer than trial 3 (146 s). 
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Table 3. Accuracy of Final Match means by Color Patch. Means adjacent to a 

common line are not significantly different. 

Color Patch Final Match (~E) Standard Deviation (~E) 

9 4.986 5.242 

10 5.034 4.353 

2 5.336 5.188 

8 5.606 6.321 

7 6.183 5.687 

5 6.422 7.463 

6 6.589 7.058 

1 6.813 6.808 

3 6.944 7.303 

4 8.726 9.304 



70 

Table 4. Time of Final Match means by Color Space. Means adjacent to a common 

line are not significantly different. 

Color Space Match Ii me (5) Standard Deviation (5) 

CIELUV 133.2 52.1 

Polar CIELUV 142.4 54.5 

150.6 51.3 

V 2.2u' v' 153.3 51.5 

R'G'B' 161.2 50.3 

Opponent 174.0 53.9 

HLS 179.0 43.9 

VIQ 180.2 50.0 
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The mean match time of the large distance condition (161 s) was slightly 

longer (F = 4.45, P = 0.0383) than that of the small distance condition (157 s), a 

relatio_nship similar to that found for match accuracy. 

In general, the patches with large match distances took longer to match than 

those with short match distances, as shown in Table 5. Patches 4 (174 s) and 3 

(169 s) required the longest time to match. Additionally, the patches that took 

longer to match also resulted in less accurate matches (r = 0.757). 

Accuracy of Closest Match. The ANOVA summary table for the dependent 

variable Accuracy of Closest Match is presented in Table 28 in Appendix D. 

Generally, performance as measured by this variable (4.8 units) was much 

better than the final match (z = 8.42, P < 0.0001), although still considerably far 

from optimal. The overall standard deviation of this measure is '5.2 units. 

As for revealing differences between pairs of the Color Space effect (F = 
14.21, P < 0.0001), this measure proved to be slightly more sensitive in the 

lower end than the final accuracy. The order of the three worst-performing 

spaces remains unchanged, but in addition to the Opponent space (10.5 units) 

being separable, HLS (6.3 units) and VIQ (5.9 units) proved to be significantly 

poorer than the best-performing spaces. The mean best accuracy for each 

color space, along with the results of the multiple comparisons and the standard 

deviations, is displayed in Table 6. 

As in the final accuracy measure, a significant improvement existed between 

trials 1 (5.3 AE units) and 2 (4.56 units), but the last two trials were not 
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Table 5. Time of Final Match means by Color Patch. Means adjacent to a common 

fine are not significantly different. 

Golor Patch Match Time (5) Standard Deviation (5) 

8 153.0 48.9 

2 153.1 61.5 

5 153.9 52.8 

9 156.0 56.0 

7 157.3 55.5 

6 157.3 53.3 

1 158.7 56.0 

1 0 160.3 54.5 

3 169.3 46.8 

4 173.5 44.6 
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Table 6. Accuracy of Closest Match means by Color Space. Means 

adjacent to a common line are not significantly different. 

Color Space Closest Match (~E) Standard Deviation 

CIELUV 2.776 3.403 

R'G'8' 2.919 2.054 

Polar CIELUV 3.070 3.647 

3.100 2.075 

V 2.2u' v' 3.749 4.637 

vIa 5.943 4.775 

HLS 6.355 5.256 

Opponent 10.488 7.853 

(~E) 
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significantly different from one another. The overall effect of Trial is significant 

(F = 6.46, P = 0.0021). 

The mean best accuracy of the large distance condition (5.4 units) was 

poorer (F = 39.25, P < 0.0001) than the small distance condition (4.2 units), as in 

the final accuracy measure. 

As in the previous two measures, the main effect of Patch (F = 13.82, P < 

0.0001) shows an improvement from the large match distances to the small. 

Patch 4 (7.1 units) was again the most difficult to match, whereas the best 

results were achieved matching patches 10 (3.56 units) and 9 (3.59 units). The 

means, standard deviations, and results of the multiple comparisons are 

outlined in Table 7. 

The Space by Patch interaction (F = 7.33, P < 0.0001) for this measure is 

pictured in Figure 18. The diagram reveals the sizeable differential matching 

effects that patches have on Color Space. No systematic explanation is 

attributed to this effect. 

Drift. The ANOVA summary table for the dependent variable Drift is 

presented in Table 29 in Appendix D. Generally, performance as measured by 

this variable (mean of 2.8 units) indicates that the subjects had moderately

sized drift from the closest to the final color match. The overall standard 

deviation of this measure is 4.1 units. Drift proved to be a less sensitive 

measure than any of the three discussed above. 

Although the main effect of Color Space is statistically significant (F = 2.4, P 

= 0.0291), the multiple comparisons were unable to locate significant 
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Table 7. Accuracy of Closest Match means by Color Patch. Means 

adjacent to a common line are not significantly different. 

Color Patch Closest Match (L\E) Standard Deviation 

10 3.564 2.865 

9 3.591 3.613 

2 3.989 3.541 

8 4.425 4.839 

7 4.718 3.970 

1 4.890 4.278 

5 4.998 5.950 

6 5.112 5.526 

3 5.657 6.644 

4 7.055 7.837 

(L\E) 
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Figure 18. Accuracy of Closest Match by Color Space and Patch. 
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differences between any two spaces. The means and standard deviations are 

presented in Table 8. 

As in the other two measures of accuracy, the main effect of Trial (F = 9.41, P 

< 0.0001) showed significant improvement from trial 1 (3.2 units) to trial 2 (2.7 

units), but the latter trial was not significantly different from trial 3 (2.4 units). 

Again, the main effect of Patch did demonstrate significance (F = 2.62, P = 
0.0079). The multiple comparisons, however, were not revealing. The means 

and standard deviations for each Patch are listed in Table 9. 

Nonparametric Analyses 

The nonparametric analyses addressed the frequency of completed 

matches under four separate criteria (corresponding to dependent measures #5 

through #8 in the previous section): 

1. Any match during which the control color is brought to within one ilE unit of 

the reference color is considered complete. 

2. Any match during which the control color is brought to within three L1E units 

of the reference color is considered complete. 

3. Any match during which the control color is brought to within five L1E units of 

the reference color is considered complete. 

4. Any match which the subject terminates is considered complete. 
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Table 8. Drift means by C%r Space. Means adjacent to a common line are not 

significantly different. 

Color Space Drift (AE) Standard Deviation (AE) 

1.881 2.666 

Polar CIELUV 1.910 2.790 

CIELUV 2.217 4.445 

R'G'S' 2.267 2.401 

Y 2.2u' Vi 2.578 3.920 

HLS 3.348 4.521 

YIQ 3.981 5.337 

Opponent 3.990 4.713 
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Table 9. Drift means by Color Patch. Means adjacent to a common line are not 

significantly different. 

Color Patch Drift (dE) Standard Deviation (dE) 

8 2.079 3.177 

3 2.482 3.080 

5 2.484 3.729 

9 2.690 3.872 

10 2.752 3.500 

6 2.769 4.034 

7 2.826 4.098 

2 2.850 4.320 

4 3.382 4.905 

1 3.401 5.259 
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The first two of these criteria, L1E < 1 and L1E < 3, are the most stringent objective 

tests of a color match. As will be evident, they are also the most sensitive to 

uncovering the effects present. 

Chi-squared tests were employed to investigate the differences within 

independent variables and between pairs of levels of significant effects. For the 

multiple comparisons, the significance level, p, was deflated from 0.05 to 

counter the increased probability of a Type-I error, by employing the following 

correction: 

1 - (1 - PCO")n = 0.05, 

where n is the number of possible comparisons to be made, and PCO" is the 

deflated p-value at which members of individual pairs may be deemed 

significantly different. Each match criterion defined above is treated separately, 

and the total experiment-wise error is p = 0.05. 

L1E < 1. Of the 2400 color matches atten1pted, only 403, or approximately 

17% were completed under this criterion. The mean time required to achieve 

this match was 89 seconds, with a standard deviation of 47 seconds. 

The chi-squared contingency table for the effect of Color Space is included 

in Table 33 in Appendix F of this report. The effect of Color Space is significant 

(X2 = 162.61, P < 0.001). The best-performing spaces under this measure were 

CIELUV (97 matChes), Polar CIELUV (91 matches), and 

Y 2.2u· v' (69 matches). RGS and R'G'S' yielded identical results (38 matches). 

The frequencies, percentages, and results of the multiple comparisons are 
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presented in Table 10. The results are also presented as percentages in Figure 

19. 

As for improvement across trials, the same trend shown by the parametric 

analyses on the accuracy data existed under this measure. Trial 1 (101 

matches) resulted in significantly fewer matches than did Trial 2 (147 matches) 

or Trial 3 (155 matches) under this criterion. The latter two triars, however, 

demonstrated no significant change. The results are presented as percentages 

in Figure 20. The chi-squared contingency table for the overall main effect of 

Trial (X2 = 15.20, P < 0.001) is presented in Table 34 in Appendix F. 

Although the main effect of Distance is not significant (X2 = 3.05), the main 

effect of Patch (within distance) is significant (X2 = 22.91, P < 0.01). The chi

squared contingency table for the independent variable Patch is presented in 

Table 35 in Appendix F. The number of complete matches of each patch and 

the associated percentage are displayed in Table 11, along with the results of 

the multiple comparisons. The data are graphically presented as percentages 

in Figure 21. 

The contingency table associated with the interaction of Space and Trial is 

included in Table 36 of Appendix F. The interaction of Space and Trial was not 

significant (Sutcliffe X2 = 7.70, P < 0.95). Figure 22 displays the successful 

match percentages by Space and Trial under the LlE < 1 match criterion. A 

separate Sutcliffe chi-squared analysis on the interaction between Space and 

Trial, including only trials one and two, was performed. Still, the interaction is 

found to be not significant (Sutcliffe X2 = 5.37, P < 0.70). The associated 

contingency table for this analysis is presented in Table 37 in Appendix F. 
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Table 10. Frequency of Color Match under ..1E<1 criterion, by Color Space. 

Frequencies adjacent to a common line are not significantly different. 

Color Space Match FreQuency (AE<l) percentage 

CIELUV 97 32.3 

Polar CIELUV 91 30.3 

V 2.2u' Vi 69 23.0 

R'G'B' 38 12.7 

38 12.7 

via 33 11 .0 

HLS 20 6.7 

Opponent 17 5.7 



83 

Table 11. Frequency of Color Match under LlE<1 criterion, by Color Patch. 

Frequencies adjacent to a common line are not significantly different. 

Color Patch Match FreQuency (~E<1) Percentage 

9 61 25.4 

10 47 19.6 

6 47 19.6 

8 40 16.7 

2 40 16.7 

7 36 15.0 

4 36 15.0 

1 34 14.2 

5 31 12.9 

3 31 12.9 
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The interaction of Space and Patch was not investigated for this dependent 

measure, due to the excessive numbers of cells with low frequency values. 

L1E < 3. When defining a match as attaining a color distance of less than 3 

units from the target, 1248 of the 2400, or 52%, of the color matches attempted 

were completed. The mean time required to achieve this match was 85 

seconds, with a standard deviation of 49 seconds. 

When comparing the pairs of the main effect of Color Space (X2 = 278.58, P 

< 0.001), one finds that the Opponent space (69 matches) achieved the fewest 

matches. In addition, CIELUV (216 matches) and Polar CIELUV (209 matches) 

outperformed RGB (169 matches), via (108 matches), and HLS (105 matches). 

Finally, V 2.2u' v' (188 matches), R'G'B' (184 matches) and RGB each resulted 

in more matches than via and HLS. The chi-squared contingency table for the 

effect of Color Space is included in Table 38 in Appendix F of this report. The 

frequencies, percentages, and results of the multiple comparisons are 

presented in Table 12. The results are also presented as percentages in Figure 

19. 

As in the L1E < 1 criterion, Trial 1 (368 matches) resulted in significantly fewer 

matches than did Trial 2 (437 matches) or Trial 3 (443 matches) under this 

criterion. The latter two trials, however, again demonstrated no significant 

change. The results are presented as percentages in Figure 20. The overall 

main effect of Trial is significant (X2 = 17.40, P < 0.001), as shown by the chi

squared contingency table presented in Table 39 in Appendix F. 
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Table 12. Frequency of Color Match under L1E<3 criterion, by Color Space. 

Frequencies adjacent to a common line are not significantly different. 

Color Space Match FreQuency (~E<3) Percentage 

CIELUV 216 72.0 

Polar CIELUV 209 69.7 

Y2.2u'v' 188 62.7 

R'G'B' 184 61 .3 

R?B 169 56.3 

Yla 108 36.0 

HLS 105 35.0 

Opponent 69 23.0 
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Again, similar to the L1E < 1 criterion, the main effect of Distance is not 

significant (X2 = 2.29, P < 0.2) but the main effect of Patch (within distance) is 

significant (X2 = 24.03, P < 0.005). Patch 9 (148 matches) was matched more 

'frequently than Patches 7, 1, and 4 (all less than 115 matches). The chi

squared contingency table for the effect of Patch is presented in Table 40 in 

Appendix F. The number of complete matches of each patch is displayed in 

Table 13, along with the results of the multiple comparisons and the associated 

percentages. The data are graphically presented as percentages in Figure 21. 

The interaction of Space and Trial was not significant (Sutcliffe X2 = 7.43, P < 

0.95). A separate Sutcliffe chi-squared analysis on the interaction between 

Space and Trial, including only trials one and two, was performed. Again, the 

interaction is not found to be significant (Sutcliffe X2 = 3.69, P < 0.9). The 

associated contingency tables for these analyses are presented in Tables 41 

and 42, respectively, in Appendix F. 

The interaction between Color Space and Patch was not significant 

(SutCliffe X2 = 59.22, P < 0.9). The contingency table for the analysis of this 

interaction is located in Table 43 in Appendix F. 

L1E < 5. When defining a successful match as attaining a color distance of 

less than 5 units from the target, 1679 of the 2400 color matches attempted, or 

nearly 70%, were completed. The mean time required to achieve this match 

was 78 seconds, with a standard deviation of 49 seconds. 

The chi-squared contingency table for the effect of Color Space is included 

in Table 44 in Appendix F. The effect of Color Space is significant (X2 = 411 .15, 
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Table 13. Frequency of Color Match under L1E<3 criterion, by Color Patch. 

Frequencies adjacent to a common line are not significantly different. 

Color Patch Match Freguency (~E<3) Percentage 

9 148 61.7 

2 141 58.8 

5 130 54.2 

1 0 129 53.8 

8 125 52.1 

6 121 50.4 

3 120 50.0 

7 114 47.5 

1 111 46.3 

4 109 45.4 
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p < 0.001). Once again, the Opponent space (100 matches) achieved the 

fewest matches. VIQ (169 matches) and HLS (154 matches) were the next 

poorest spaces. The frequencies, percentages, and results of the multiple 

comparisons are presented in Table 14. The results are also presented as 

percentages in Figure 19. 

As in the previous two match criteria, Trial 1 (513 matches) resulted in 

significantly fewer matches than did Trial 3 (582 matches) or Trial 2 (584 

matches). The latter two trials. however, once again demonstrated no 

significant change. The results are presented as percentages in Figure 20. The 

chi-squared contingency table for the main effect of Trial (X2 = 19.44, P < 0.001 ) 

is presented in Table 45 in Appendix F. 

The main effect of Distance is not significant (X2 = 0.13, P < 0.8). The main 

effect of Patch (within distance), however, is significant (X2 = 20.00, P < 0.02). 

The chi-squared contingency table is presented in Table 46 in Appendix F. The 

number and percentage of complete matches for each patch is displayed in 

Table 15, along with the results of the multiple comparisons, in which no 

significant differences were found. The data are graphically presented as 

percentages in Figure 21. 

The interaction of Space and Trial was not significant (Sutcliffe X2 = 8.49, P < 

0.90), nor was the interaction of Space and Patch (Sutcliffe X2 = 50.36, P < 

0.90). The contingency tables on which these results are based are included as 

Tables 47 and 48 in Appendix F. 
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Table 14. Frequency of Color Match under .1E<5 criterion, by Color Space. 

Frequencies adjacent to a common line are not significantly different. 

Color Space Match FreQuency (~E<5) Percentage 

R'G'S' 263 87.7 

CIELUV 260 86.7 

250 83.3 

Polar CIELUV 249 83.0 

V 2.2u' v' 234 78.0 

VIQ 169 56.3 

HLS 154 51.3 

Opponent 100 33.3 
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Table 15. Frequency of Color Match under LlE<5 criterion, by Color Patch. 

Frequencies adjacent to a common line are not significantly different. 

Color Patch Match FreQuency (~E<5) Percentage 

9 180 75.0 

10 180 75.0 

8 177 73.8 

2 173 72.1 

5 173 72.1 

3 168 70.0 

6 165 68.8 

1 158 65.8 

7 153 63.8 

4 152 63.3 
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Time Outs. The total number of incomplete matches, as indicated by the 

subject allowing the match to run to the full 3.5 minute duration, was 880. This 

represents 37% of the tota.l number of matches attempted. 

Multiple comparisons reveaJed that the via (189 time outs), Opponent (163 

time outs), and HLS (155 time outs) spaces were terminated by the subject the 

least often. In addition, matches in CIELUV (47 time outs), Polar CIELUV (63 

time outs), and RGB (73 time outs) were stopped more often than R'G'B' (112 

time outs). The frequencies, percentages, and results of the multiple 

comparisons are presented in Table 16. The chi-squared contingency table for 

the overall main effect of Color Space (X2 = 282.06, P < 0.001) on 'frequency of 

time outs is included in Table 49 in Appendix F. 

As in the previous match criteria, Trial 1 (379 time outs) resulted in 

significantly fewer completed matches than did Trial 2 (280 time outs) and TriaJ 

3 (221 time outs). However, unlike the objective matching criteria, Trial 3 

showed an additional significant improvement in number of completed matches 

over Trial 2. This trend was also noted in the Match Time measure above. The 

chi-squared contingency table for the main effect of Tria.l (X2 = 68.62, P < 0.001 ) 

is presented in Table 50 in Appendix F. 

Although the main effect of Distance is not significant (X2 = 2.33, P < 0.2), 

The main effect of Patch (within distance) is significant (X2 = 26.66, P < 0.005). 

The chi-squared contingency table is presented in Table 51 in Appendix F. The 

number and percentage of time outs for each patch is displayed in Table 17, 

along with the results of the multiple comparisons. Patch 8 (60 time outs) was 

matched more times than Patches 7, 3, 2, 1, and 4 (all more than 90 time outs). 
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Table 16. Frequency of Time Outs, by Color Space. Frequencies adjacent to a 

common line are not significantly different. 

Color Space FreQyency of Time Outs Percentage 

CIELUV 47 15.7 

Polar CIELUV 63 21.0 

V 2.2u' v' 

R'G'S' 

HLS 

Opponent 

VIQ 

73 

78 

112 

155 

163 

189 

24.3 

26.0 

37.3 

51.7 

54.3 

63.0 
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Table 17. Frequency of Time Outs, by Color Patch. Frequencies adjacent to a 

common line are not signi'ficantly different. 

Color Patch FreQuency of Time Outs Percentage 

8 

5 

1 0 

6 

9 

7 

3 

2 

1 

4 

60 

76 

85 

86 

88 

92 

93 

94 

100 

106 

25.0 

31.7 

35.4 

35.8 

36.7 

38.3 

38.8 

39.2 

41.7 

44.2 
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Curiously, three of these poorly matched patches are associated with small 

match distances. 

The interaction of Space and Trial was not significant (Sutcliffe X2 = 7.74, P < 

0.95). The associated contingency table is displayed as Table 52 in Appendix 

F. 

Subjective Ratings 

The subjective ratings were analyzed with the ANOVA technique, followed 

by multiple comparisons where appropriate. As will be demonstrated in the 

section dealing with the overall agreement among measures, the subjective 

reports were not consistent. Estimates of match difficulty accounted for almost 

no variance across Color Space in the other measures, whereas the match 

confidence ratings were in fairly good agreement with the time and accuracy 

measures. FiJrther, the confidence ratings are affected in much the same way 

as the other measures, but the difficulty ratings deviate somewhat from the 

trends. 

Difficulty. The ANOV A table for the dependent variable Difficulty is 

presented in Table 30 in Appendix D. The mean difficulty rating across all 

subjects, patches, and trials was 6.0 (with a standard deviation of 2.3), 

suggesting that the task was subjectively difficult. 

The main effect of Color Space (F = 0.66) is not significant for this measure, 

which is unique in this regard. 
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The main effect of Trial (F = 3.94, P = 0.0216) reveals an improvement from 

trial 1 (6.2) to trial 3 (5.8), but subjective difficulty between trial 1 and trial 2 (6.0) 

did not decrease significantly, nor did the difficulty between trial 2 and trial 3. 

Multiple comparisons of the main effect of Patch (F = 5.34, P = 0.0001) reveal 

significant differences between Patch 4 and the rest: Patch 4 was the most 

difficult to match. No other pairs are significantly different. The means, standard 

deviations, and results of the multiple comparisons are presented in Table 18. 

Confidence. The ANOVA summary table for the confidence ratings is 

presented in Table 31 in Appendix D. Overall, the subjects were confident in 

their matches, reporting a mean rating of 6.1 (standard deviation of 2.6). 

The V 2.2u' v' space (7.4) elicited greater match confidence than did HLS 

(5.4), Opponent (5.1), and via (4.8). Subjects matching in Polar CIELUV (7.1) 

were a/so more confident than those in the Opponent and via spaces. Overall, 

Color Space significantly affected match confidence (F = 4.61, P = 0.0003), in 

keeping with the results found with the first 8 measures analyzed. Table 19 

displays the mean confidence ratings, standard deviations, and the results of 

the multiple comparisons across Color Space. 

As with the accuracy measures, match confidence significantly improved 

from trial 1 (5.7) to trial 2 (6.2) but not from trial 2 to trial 3 (6.5). 

Multiple comparisons across Patch demonstrate a significantly greater 

match confidence for Patch 8 (6.7) than all others but Patch 5 (6.4). Further, 

Patch 4 (5.7) is matched with less confidence than Patch 5. The means, 
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Table 18. Match Difficulty, by Color Patch. Means adjacent to a common line are not 

significantly different. 

Color Patch D ifficu tty Standard Deviation 

8 5.59 2.24 

6 5.75 2.22 

5 5.77 2.29 

7 5.90 2.29 

2 5.96 2.55 

10 6.03 2.26 

3 6.05 2.27 

1 6.07 2.42 

9 6.11 2.27 

4 6.63 2.24 
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Table 19. Match Confidence, by Color Space. Means adjacent to a common line are 

not significantly different. 

Color Space Confidence Standard Deviation 

V 2.2u' v' 7.44 2.05 

Polar CIELUV 7.09 2.13 

6.52 2.23 

R'G'S' 6.49 2.35 

CIELUV 6.35 2.18 

HLS 5.37 3.02 

Opponent 5.06 2.87 

via 4.83 2.91 
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standard deviations, and results of the multiple comparisons are presented in 

Table 20. 

Overall Agreement among Measures 

As shown by the above analyses, there is a general agreement among the 

dependent variables in the ordering of the color spaces. To assess the extent of 

this agreement, product-moment correlations were calculated across the eight 

color spaces for all pairs of dependent variables. The squares of these 

reliability coefficients (W) are presented in Table 21. Mean ~ values are 

calculated both across all measures and also across the performance 

measures alone. 

The L1E < 3 criterion had the highest overall agreement with the other 

measures, explaining 83.50/0 of the variance of the performance measures, on 

average. Thus, if the eight performance measures analyzed above are 

considered to be appropriate indicators of color-controlling ability, then the L1E < 

3 criterion is the single best measure to use for determining the effect of color 

space on controlling color. It is also worth noting that the agreement between 

the accuracies of the closest and final matches was exceptional (W = 0.995). 

Additionally, the difficulty ratings were in notably poor agreement with the others 

as to the ordering, of color spaces. 

Homogeneity of Variance 

In order to determine whether the poor matches were attributable to subjects 

in specific color spaces, a Hartley's Fmax Test was performed, using the L1E<3 

match criterion. The variance across subjects within each color space was 
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Table 20. Match Confidence, by Color Patch. Means adjacent to a common line are not 

significantly different. 

Color Patch Confidence Standard Deviation 

8 6.74 2.34 

5 6.38 2.53 

6 6.21 2.53 

10 6.19 2.58 

7 6.08 2.73 

9 6.08 2.54 

3 6.06 2.65 

2 6.06 2.77 

1 6.00 2.75 

4 5.65 2.91 
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Table 21. ~ matrix for Dependent Measures 

Final ' i . ~ * ~ ~ ~ ~ i 
Match - i 0.558 i 0.995 ! 0.819 10.456 10.869 1 0.969 10.626 i 0.012+1 0.603 

-M;; ~.558 I '''_ I ~.525 r 0.729 i 0.;'91 r~·.~~~"·f 0.63~l·0:·9~·3· i ~.~6~+;.~ o.~o;~· 
Time 1 § ; i ~ ! r i ~ 

Closest 0.995 t 0.5251 - i: .. 0.765 10.456*10.854\ 0.956 ! 0.585 j 0.01EF! 0.570" 
Match ~ ~ ~ ~ ~ ~ : : 

- 1 
! 

2 
+ indicates not significant; * indicates p < 0.05; P < 0.01 for all other R values 
a all measures; b accuracy and time measures only 
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calculated for this measure. The resultant Fmax (4.31) was not significant, being 

less than the critical value (8.95) at the 0.05 level. Hence, the null hypothesis 

that the variance among subjects was equal across the color spaces cannot be 

rejected. Stated another way, there appears to be no differential effect of Color 

Space on the variability among subjects to make matches. Figure 23 displays a 

plot of the mean frequency of successful matches and standard deviation bars 

for each color space. 

Effect of Sex 

Post-hoc chi-squared comparisons of the effect of sex on the L1E<3 match 

criterion were performed within each color space. The results are tabulated in 

Table 22. Of the 8 color spaces, 4 demonstrated a significant sex difference, 3 

of which favored males. Interestingly, the better-performing color spaces 

favored the males, while the opponent space was better controlled by females. 

The CIELUV space, in which males demonstrated superior performance, 

consisted of 3 males and 7 females. With an equal number of males and 

females, the high performance of CIELUV might have been even more 

pronounced. 
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Figure 23. Means and Standard Deviations of t.lE<3 Matches, by Color Space. 
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Table 22. Post-Hoc Chi-Squared Tests of the Effect of Sex on AE<3 Criterion 

.M.aJ§. Female 

Cofor Space Subjects Match % Subjects Match 0/0 '£- Q..S. 

CJELUV 3 88.89 7 64.76 17.01 0.001 

Polar CIELUV 7 77.14 3 52.22 17.35 0.001 

V 2.2u' v' 7 65.24 3 56.67 1.63 (n.s.) 

R'G'S' 5 58.00 5' 64.67 1.14 (n.s.) 

RGS 3 61.11 7 52.29 0.93 (n.s.) 

via 7 35.23 3 37.78 0.08 (n.s.) 

HLS 7 39.04 3 25.56 4.47 0.05 

Opponent 3 10.00 7 28.57 11.24 0.001 



DISCUSSION AND CONCLUSIONS 

The task of matching colors using six keys to control three unknown 

controllable dimensions under time pressure proved to be difficult, as 

evidenced by the generally high difficulty ratings and inaccurate matches 

completed by the subjects. It is difficult to make direct comparisons of accuracy 

in this study with that achieved in other studies, due to the choice of Yn used in 

the calculation of the CIELUV ~E color-difference formula. If the maximum 

attainable luminance of the display (approximately 10 cd/m2) had been used 

instead of 100 cd/m2, as suggested by Carter and Carter (1983), then the 

calculated ~E differences would be larger by a factor of 10113 (or 2.15). To date, 

no experimental data has been gathered on jnd size for the RETICOMS. 

However, it is this authors experience that color differences well within a ~E 

value of 1.0 are perceptible to the normal observer. Hence, room for 

improvement existed in most of the matches attempted in this experiment. 

It is probable that the spatial incompatibility of the input device and the three

dimensional stimuli contributed substantially to the paucity of close matches. 

Examples of human performance being hindered by poor spatial compatibility 

between the object-stimulus and the operator-response are well-documented 

(e.g., McCormick and Sanders, 1982). 

Since the natures of the color spaces were not explained to the subjects, it is 

believed that the task contained a profound cognitive component. The task was 

one of perceiving color changes, uncovering three separate attributes of the 

color, and contrOlling these attributes in order to replicate the same level of 
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each attribute on the reference color. In addition, the subject was required to 

learn in which regions of the color space s/he could move freely, and in which 

regions there were obstructive borders. 

Due to the large cognitive component of the task, the results are heavily 

prone to psychological confounds, such as individual variabilities in attitude, 

effort, motivation, and frustration level. These phenomena were subjectively 

witnessed by the investigator, and likely contributed substantially to the 

variance in the dependent measures. The Time to Final Match and Time Outs 

measures are especially susceptible to these variabilities, since they are based 

on subjective criteria defining a completed match, which likely changed with the 

subject's psychological state. Additionally, varying strategies in learning could 

potentially greatly affect the performance. The subjects were provided with only 

general suggestions for an approach to successful performance. 

Despite the extraneous influences discussed above, all of the testable 

independent variables were found to produce statistically significant and 

generally consistent effects on most, if not ali, of the dependent measures used. 

Furthermore, differences among individual levels of the variables were 

occasionally found to be statistically significant. The nonparametric analyses 

seemed better able to bear out these differences than were the parametric 

analyses, possibly due to the non-normality of the sample distributions under 

the dependent measures analyzed by parametric techniques. A second 

explanation is that the frequency measures under the various objective match 

criteria were more sensitive to the effects present than the ratio-scale measures. 

Due to their sensitivity, the objective frequency measures will be emphasized in 
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interpreting effects. Further, the subjective ratings will not be considered in the 

discussion; only the match time and accuracy measures (both ratio-scale and 

match frequencies) are included. In the following discussion, the effects are 

treated individually. 

C%r Space 

Although the subjects were given only generic descriptions of the use of the 

dimensions in matching colors, a significant effect of Color Space was obtained 

under all dependent measures investigated. The subjects were not provided 

with specific instructions on the nature of the color space in which they were 

matching for two reasons. First, space-specific instructions could differentially 

influence the performance of the subjects, based on the ability of the 

instructions to communicate the meanings of the individual dimensions to the 

subjects. Second, the claims of the intuitiveness of perceptual c%r spaces 

were investigated by challenging the subjects to gain an understanding of the 

color dimensions merely by perceiving the color changes. However, it is 

probable that the provision of space-specific instructions would have enhanced 

the subjects' performance. 

Probably the most startling outcome of this experiment is the abysmal 

performance of the opponent color space. In all match accuracy measures but 

LlE<1, the subjects in the opponent color space condition made the poorest 

matches. Under the LlE<1 match criterion, the opponent space shared the 

lowest standing with HLS, VIO, RGB, and R'G'B'. Based on these results, and 

assuming that the opponent color space veritably represents the first two 

perceptual stages of color vision, it is clear that what is physiologically 
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compatible may not lend itself to higher cognitive behaviors, such as those 

required to control specific attributes of a stimulus. This argument implies that it 

is not reasonable to assume that people understand what they perceive, A 

second plausible explanation for the dismal results of the opponent space is 

that it did not faithfully represent the visual processes of the subjects using the 

opponent controls. 

The most critical match criterion of the frequency measures addressed, 

11E<1, demonstrated an three "uniform" color spaces, CIELUV, Polar CIELUV, 

and Y 2.2u' Vi, to be the best performers. In fact, none of the dependent 

measures was able to differentiate among these spaces. Since all subjects of 

the study were assumed to be equally na'ive at the start, the immediate 

superiority of performanc~ in the "uniform" color spaces evidences the relatively 

rapid onset of learning which took place. 

It is believed that the success of the uniform spaces can be attributed to two 

factors. First, the perceptual interdependence among the three dimensions is 

reduced in these spaces from what is encountered in uncalibrated spaces. 

Secondly, the consistency of movement within a dimension allowed the subject 

to gain a clearer understanding of the contribution of that dimension to the color, 

As anticipated, RGB and R'G'B' resulted in the same match performance for 

almost all dependent measures; the only dissenter was Time Outs. Due to the 

consistent similarity between the two color spaces of identical nature (both 

based on physical primaries) it is not unreasonable to assume that differences 

found among color space performance can be largely attributed to the nature of 

the color spaces, rather than extraneous influences (although this latter 
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possibility cannot be conclusively eliminated}. RGB and R'G'B' produced 

consistently moderate results, usually not differentiable from the uniform color 

spaces. 

Further evidence to the lack of extraneous influences is remarked when 

examining the results of the drift measure. No significant differences among 

any two color spaces were revealed. Thus, it is likely that the psychomotor task 

components and other external factors were sufficiently consistent or diluted so 

as not to bias the outcome of the experiment. 

Next to the opponent space, VIQ and HLS performed the worst. The failure 

of VIQ is not surprising in light of the poor showing of the opponent space; they 

are similar in nature, as discussed in the Introduction. The inability of HLS to 

facilitate color matching over RGB, however, is disappointing. This failure is 

likely due to the tremendous perceptual interdependence of hue, lightness, and 

saturation, as defined in the HLS algorithm. Each dimension is defined as a 

function of RGB. HLS assumes that equal channel values of individual 

primaries produce equal lightnesses, which is highly unlikely to be true. The 

reliance of both hue and saturation on the physical primaries is similarly flawed. 

On the RETICOMS, the assumptions of HLS are grossly violated, due to the 

great disparity of color purities among the diodes. Because of the 

nonequivalence of saturations, the Rand G diode intensities had to be 

profoundly reduced in order to produce a neutral when equal RGB values are 

requested. 

The strong interdependence of dimensions in HLS can cause the progress 

in one dimension to be partially nullified by movements in another. Further, the 
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uncovering of individual attributes of the color based on the controls provided 

proved to be an excessively difficult task. This is evidenced by the poor 

showing of HLS compared with all other color spaces but the opponent space. 

Trial 

A significant overall effect of Trial was obtained for this task under all of the 

dependent measures investigated. Further, all measures demonstrated a 

significant improvement between trials 1 and 2. Only the time-based dependent 

measures showed a significant change between trials 2 and 3. This difference 

is believed to be due to the increasing impatience and futility experienced by 

the subjects; no accuracy measures show improvement between the latter two 

trials. 

Thus, learning took place between trials 1 and 2, but not appreciably 

between trials 2 and 3. Therefore, it can be argued that the subjects achieved 

asymptotic performance on the task. It is expected that additional improvements 

over time would accompany specific descriptions of the dimensions being 

manipulated. 

Distance 

The performance of the subjects was determined to be better when moving 

small distances than when matching across large distances, under all time and 

accuracy measures analyzed with parametric techniques. Conversely, no 

significant differences were noted among any of the frequency measures. Thus, 

the differences in the ratio-scale data are likely due to the matches in which very 

little progress of any sort was made. This occurred, for example, when a subject 
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maneuvered himself or herself into a set of borders and was unable to escape. 

If only a few I1E units are gained from the starting point, those matches starting 

30 I1E units from the target will influence the mean accuracy value to a far 

greater extent than those matches starting less than 15 I1E units from the target. 

Another explanation for the disparity of performance between large and 

small differences concerns the psychological influences mentioned above. 

Those subjects who were unable to successfully maneuver themselves through 

the color space were likely to become frustrated and lose motivation for 

improvement. The effect of this is, again, to make very little progress from the 

starting point over the duration of the match, an effect to which the ratio-scale 

time and accuracy measures were sensitive. 

Patch 

The main effect of Patch was significant under all dependent measures 

considered in this investigation. The relative ease of approaching a color is 

likely due to the location of that color with respect to the borders. For example, 

Patch 4, located near one end of the gamut, was matched far fewer times than 

Patch 9. The latter color, the neutral, is located in the center of the color gamut 

and is thus easily accessible. A significant effect of patch is not unexpected, in 

light of the Distance effect in the parametric analyses, since these effects are 

confounded in the design. 

The patches selected in this study cover a wide range of hues and represent 

a broad sampling of the available color gamut on the RETICOMS. Although 

they are limited in both luminance and saturation, the proximity of the colors to 
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the gamut borders is not unrealistically near; CRTs and other color devices are 

also limited in saturation, and many desirable colors are often unavailable to 

the controller. Thus, the limitations of the borders on the RETICOMS are 

appropriate to CRTs and other color devices. For these reasons, it is felt that the 

generalizability of the results of this study is not hindered by the patches 

selected. 

Interactions 

The interaction of Space and Trial was not found to be significant under any 

of the dependent measures employed. If any differential learning did occur 

(which is likely, given the naIvete of the subjects at the start of the taSk), the time 

span of the trial was too great to be sensitive to the effect. This indicates that the 

resultant ordering of the color spaces in, this task is likely to remain permanently. 

A significant interaction of Space and Patch was demonstrated by all 

measures analyzed by the parametric techniques. Conversely, the frequency 

measures investigated were not affected by this interaction. Although efforts 

were made to select starting color values that do not favor one color space over 

another, this ideal was not fully achieved. For example, the Patch 2 target was 

easily accessible to the Opponent space users from the starting point, in one 

dimension. Also, the users of Polar CIELUV needed only reduce the C" 

dimension to its minimum level in order to match Patch 9. 

The interaction of Space and Distance was investigated by the parametric 

techniques only. The effect was found to be significant for all measures 
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employed. This effect is likely an artifact of the embedding of Patch within 

Distance, and can be accounted for by the above discussion. 

Conclusions and Recommendations 

The investigation described within these pages points to three specific 

recommendations regarding the design of an interface for color matching by 

na"ive users: 

1. The interface should allow the user to manipulate colors using the 

dimensions of a CIE uniform color space based on u' and v', either CIELUV, 

the polar version of CIELUV, or V 2.2u' Vi. 

2. If the interface cannot be calibrated to CIE coordinates for use with a uniform 

color space, or if the computational overhead is too burdensome (as can be 

the case with complex images), then the manipulation device should control 

the intensities of the color primaries (RGB). 

3. The interface should avoid the use of the Opponent, Via, and HLS color 

spaces for color manipulation. 

These recommendations generally conflict with the suppositions of various 

designers and users of color systems. Contrary to the claims of Aranoff (1984) 

and Ohsumi (1986), the HLS space was inappropriate for matching colors in 

this study. Further, Naiman's (1985) praise of the perceptually intuitive 

opponent color space is contraindicated by the results described above; the 

opponent space was also unsuited to this color-matching task. 
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It is difficult to compare the results of this study with those of Schwarz et al. 

(1987). The latter experiment was unable to statistically identify superior color 

spaces. Trends, however, did indicate that the HSV space (which is similar to 

HLS) and the Yla space performed worse than the others, a relationship which 

is in agreement with the results of this study. The relatively poor performance of 

CIELAB that Schwarz et al. (1987) found, however, is not in keeping with the 

superior performance of the uniform color spaces based on u' and v', as 

demonstrated by this study. The quasi-opponent color space investigated by 

Schwarz et al. (1987) is not comparable to the opponent space used in this 

study, since each employed different RGB fundamentals in its calculations. 

Finally, the high standing of RGB found by Schwarz et al. (1985) does not 

conflict with the results of this study, in light of the spaces to which it was being 

compared. 

Overall, the matching performance of the subjects in this study was poorer 

than expected. Probably a significant influence in this task is the input device. 

Efforts should be made to enhance color manipulation performance by 

optimizing the input device. One which reflects the three-dimensional nature of 

the color stimuli through spatial compatibility is a likely candidate. The 

provision of a three-dimensional display which shows the relative location of the 

control color within the gamut would likely further enhance performance. A 

specific investigation into various alternatives is warranted. 

Further research in the area of color manipulation could also benefit from a 

color system that can obtain a much larger color gamut than the RETICOMS. 

This can be achieved through the use of higher-purity color primaries 
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(especially the blue and green) and primaries whose dominant wavelengths 

approach the corners of the visible color gamut. Additionally, higher 

luminances are desirable. It is worthwhile to determine if the results of this 

study truly generalize to systems with larger color gamuts, as well as larger 

color patches, and varying viewing environments (e.g., light-adapted versus 

dark-adapted observers). Of course, the final test of the success of a color

matching system is practical use: the changing of real-image colors. 

Due to the possible effects of sex on color-manipulation performance, future 

studies should attempt to block participants by sex, if possible. 

The potential for improving color-manipulation performance is great. The 

above issues should be investigated in efforts to facilitate the color-system 

user's task of using color controls in order to select desired colors. 
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APPENDIX A. Color Space Transforms 

1. RGBtoXYZ 

Control Patch: 

where 

Reference Patch: 

where 

x = 2.6026fR + 4.9548fG + 2.3587fa, 

Y = 1.1543fR + 5.5781 fG + 3.6817fa, 

Z = 0.000517fR + O.01992fG + 8.1 075fa, 

fR = -0.083777 FP + 1.088485R - 0.001603, 

fG = -0.031265(i + 1.032372G + 0.000321, 

fa = -0.022240a2 + 1.0204628 + 0.002565. 

x = 3.2558fR + 5.3985fG + 2.6805fa. 

Y= 1.4283fR + 6.1303fG + 4.1639f8, 

Z = 0.000597fR + 0.02228fG + 9.2389fa, 

fR = -O.007458FP + 1.008976R- 0.0000723, 

fG = -0.034160~ + 1.032287G + 0.001214, 

fa = -0.031498& + 1.0280698 - 0.031498. 

2. Y 2.2u' v' to XYZ 

x = 1.0227273 x Yx 2.2(u'lv,), and 

Z = Y[(1/v){3 - 0.3409091 x 2.2uj - 5]. 
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3. XYZ to ATD (derived from Vas and Walraven, 1971) 

A= Y', 

where 

and 

T = 6.12295X' + 0.08615 Y' - 6.2091 Z', 

D= Y'- Z', 

X'l(X' + Y' + Zj = (1.02701 X - 0.00017Y - 0.000092)/D, 

Y'l(X' + Y' + Z') = (0.01140X - 1.01484 Y - 0.007642)/0, 

Z' = (X + Y + 2) - X' - Y~ 

D = 1.03845X + 1.01496Y + Z. 

4. CIELUV to XYZ 

where 

5. L "'h"'C'" to CIELUV 

Y = 1 OO[(L ... + 16)/116]3, 

X = 2.25 Y(u'lv,), 

Z = )1{1/v')(3 - 0.75u') - 5], 

u' = u"'/13L ... + 0.3485, 

v' = v"'/13L'" + 0.3517. 

u'" = C"'/(tan2h'" + 1), 

v'" = u'anh"', 

under the following convention: 

If h* is in [0°,90°) then u* > 0 and v'" > 0; 

if h* is in [90°,180°) then u'" < 0 and v'" > 0; 

if h* is in [180°,270°) then u'" < 0 and v* < 0; 

if h* is in [270°,360°) then u'" > 0 and v* < O. 
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6. Y1Qto RGB 

where 

R = 1.0509Rp22 - 0.0567Gp22 + 0.00588p22 ' 

G = 0.5577Rp22 + 0.4912Gp22 - 0.04898p22 , 

8 = 0.0137Rp22 + 0.2819Gp22 + 0.7044Bp22 , 

Rp22 = y + 0.9549/ + 0.6221 0, 

Gp22 = y - 0.2714/- 0.64750, 

Bp22 = Y - 1.10731 + 1.70250. 

7. R'G'B'to AGB 

R = O.9474R' - 0.3684G' + 0.4211 B', 

G = 0.4211 R' + 0.9474G' - 0.36848', 

B = -0.3684R' + 0.4211 G' + 0.9474B', 

8. HLS to RGB (from Foley and Van Dam. 1984) 

If S = 0 then A = G = B = 1; (achromatic case) 

Else Do; 

If L <= 0.5 Then n = L(1 + S) 

Else n = L + S - L*S; 

m = 2L - n; 

If H > 360 Then H = H - 360; 

If H < a Then H = H + 360; 

If H < 60 Then Do; 

A = n1 + (n - m)*(H + 120)/60; 

G = m + (n - m)*H/60; 

B = m + (n - m)*(H - 120)/60; 

End 



Else If H < 180 Then Do; 

R=n; 

G = n; 

8= n; 

End 

Else If H < 240 Then Do; 

R = m + (n - m)*(120 - H)/60; 

G = m + (n - m)*(240 - H)/60; 

8 = m + (n - m)*,(360 - H)/60; 

End 

Else Do; 

R=m; 

G=m; 

B=m; 

End; 

End; 

13 1 



APPENDIX B 

Color Values of Stimuli 

132 



133 

Table 23. Actual and Expected Y Values of RETICOMS Patches (cdlsq.m) 

Stability 
Reference Patch Expected Measured (11-02-88) Measured (11-08-88) 11-02 to 11-08 

Value a '%} Value a (%} % {abs} 

Neutral 5.0000 5.0231 0.5 4.9977 0.0 0.5 
0 4.4350 4.4027 -0.7 
1 3.5235 3.5285 0.1 3.5232 0.0 0.2 
2 4.6601 4.6496 -0.2 
3 5.0000 4.9565 -0.9 
4 5.4999 5.4549 -0.8 5.4541 -0.8 0.0 
5 6.2500 6.2581 0.1 
6 4.8349 4.8665 0.7 4.8564 0.4 0.2 
7 3.8000 3.8170 0.4 
8 7.0000 7.0038 0.1 6.9940 -0.1 0.1 
9 4.0000 4.0059 0.1 
10 3.6403 3.6295 -0.3 

Stability 
Control Patch Expected Measured (11-02-88) Measured (11-08-88) 11 -02 to 11-08 

Value A (%) Value a (0/0) %.(abs) 

Neutral 5.0000 5.0116 0.2 4.9831 -0.3 0.6 
0 4.3388 4.3535 0.3 
1 5.3682 5.3422 -0.5 5.3374 -0.6 0.1 
2 3.5320 3.5421 0.3 
3 3.5647 3.5897 0.7 
4 3.6435 3.6752 0.9 3.6690 0.7 0.2 
5 6.6230 6.5530 -1.1 
6 3.5008 3.5352 1.0 3.4932 -0.2 1.2 
7 5.5318 5.5524 0.4 
8 4.0355 3.9949 -1.0 3.9909 -1.1 0.1 
9 5.2667 5.2718 0.1 
10 6.0025 6.0446 0.7 
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Table 24. Actual and Expected u' Values of RETICOMS Patches 

Reference Patch Expected Measured (11-02-88) Measured (11-08-88) Stability 
Value 6 Value 6 (0/0) 11-02 to 11-08 

Neutral 0.2137 0.2099 -0.0038 0.2100 -0.0037 -0.0001 
0 0.2403 0.2369 -0.0034 
1 0.2352 0.2301 -0.0051 0.2300 -0.0052 0.0001 
2 0.2325 0.2273 -0.0052 
3 0.2588 0.2546 -0.0042 
4 0.2268 0.2242 -0.0026 0.2260 -0.0008 -0.0018 
5 0.1880 0.1856 -0.0024 
6 0.1843 0.1809 -0.0034 0.1812 -0.0031 -0.0003 
7 0.2140 0.2085 -0.0055 
8 0.1875 0.1851 -0.0024 0.1858 -0.0017 -0.0007 
9 0.2137 0.2093 -0.0044 
10 0.2384 0.2337 -0.0047 

Control Patch Expected Measured (11-02-88) Measured (11-08-88) Stability 
Value t1 (%) Value II (0/0) 11 -02 to 11-08 

Neutral 0.2137 0.2109 -0.0028 0.2109 -0.0028 0.0000 
0 0.1726 0.1708 -0.0018 
1 0.2251 0.2220 -0.0031 0.2231 -0.0020 -0.0011 
2 0.1913 0.1879 -0.0034 
3 0.1914 0.1892 -0.0022 
4 0.1983 0.1958 -0.0025 0.1946 -0.0037 0.0012 
5 0.2500 0.2478 -0.0022 
6 0.2703 0.2698 -0.0005 0.2683 -0.0020 0.0015 
7 0.1934 0.1912 -0.0022 
8 0.2542 0.2526 -0.0016 0.2548 0.0006 -0.0022 
9 0.2202 0.2182 -0.0020 
10 0.2080 0.2064 -0.0016 
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Table 25. Actual and Expected v' Values of RETICOMS Patches 

Reference Patch Expected Measured (11-02-88) Measured (11-08-88) Stability 
Value 6- Value 6- {%} 11-02 to 11-08 

Neutral 0.4852 0.4831 -0.0021 0.4829 -0.0023 0.0002 
0 0.5394 0.5390 -0.0004 
1 0.4723 0.4681 -0.0042 0.4697 -0.0026 -0.0016 
2 0.4852 0.4814 -0.0038 
3 0.5302 0.5285 -0.0017 
4 0.5451 0.5440 -0.0011 0.5443 -0.0008 -0.0003 
5 0.5000 0.4963 -0.0037 
6 0.4558 0.4520 -0.0038 0.4537 -0.0021 -0.0017 
7 0.4569 0.4529 -0.0040 
8 0.4912 0.4875 -0.0037 0.4892 -0.0020 -0.0017 
9 0.4852 0.4814 -0.0038 
10 0.5101 0.5073 -0.0028 

Control Patch Expected Measured (11-02-88) Measured (11-08-88) Stability 
Value 6- (%) Value A (0/0) 11-02 to 11-08 

Neutral 0.4852 0.4799 -0.0053 0.4821 -0.0031 -0.0022 
0 0.4533 0.4466 -0.0067 
1 0.5129 0.5090 -0.0039 0.5100 -0.0029 -0.0010 
2 0.5051 0.5018 -0.0033 
3 0.4624 0.4558 -0.0066 
4 0.4626 0.4561 -0.0065 0.4595 -0.0031 -0.0034 
5 0.5424 0.5404 -0.0020 
6 0.5007 0.4972 -0.0035 0.4982 -0.0025 -0.0010 
7 0.4941 0.4896 -0.0045 
8 0.5501 0.5495 -0.0006 0.5495 -0.0006 0.0000 
9 0.5253 0.5229 -0.0024 
10 0.4797 0.4746 -0.0051 
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Table 26. ANOVA summary table for Accuracy of Final Match 

Source df MS F P 

(Between Ss) 
Color Space (C) 7 19400.15 2771.45 9.64 0.0001 
Subjects (SIC) 72 20689.29 287.35 

(Within Ss) 
Trial (T) 2 518.01 259.01 7.96 0.0005 
Distance (D) 1 845.56 845.56 16.17 0.0001 
Patch (P/D) 8 1891.54 236.44 9.09 0.0001 
CxT 1 4 436.34- 31.17 0.96 0.4989 
CxD 7 5489.46 784.21 15.00 0.0001 
C x PID 56 7400.41 132.15 5.08 0.0001 
SIC x T 144 4683.22 32.52 
SIC x 0 72 3764.89 52.29 
SIC x P/O 576 14981.24 26.01 
TxD 2 87.81 43.91 1 .91 0.1516 
T x P/O 1 6 276.43 17.28 0.93 0.5315 
CxTxD 1 4 143.51 10.25 0.45 0.9564 
C x T x PID 112 1999.60 17.85 0.96 0.5904 
SIC x T x 0 144 3307.75 22.97 
SIC x T x P/D 1152 21355.54 18.54 

TOTAL: 2399 107270.76 
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Table 27. ANOVA summary table for Time to Final Match 

Source df MS F P 

(Between Ss) 
Color Space (C) 7 637908.61 91129.80 5.89 0.0001 
Subjects (SIC) 72 1114610.51 15480.70 

(Within Ss) 
Trial (T) 2 304175.77 152087.88 65.67 0.0001 
Distance (D) 1 11262.33 11262.33 4.45 0.0383 
Patch (P/D) 8 92179.84 11522.48 5.94 0.0001 
CxT 1 4 18778.03 1341.29 0.58 0.8780 
CxD 7 377225.14 53889.31 21.31 0.0001 
C x P/D 56 531162.10 9485.04 4.89 0.0001 
SIC x T 144 333492.98 2315.92 
SIC x D 72 182097.51 2529.13 
SIC x P/D 576 1117247.87 1939.67 
TxD 2 1454.43 727.22 0.49 0.6114 
T x P/D 1 6 23333.52 1458.35 1.00 0.4525 
CxTxO 1 4 49953.87 3568.13 2.42 0'.0044 
C x T x P/D 112 186365.70 1663.98 1 .14 0.1570 
SIC x T x D 144 212143.21 1473.22 
SIC x T x P/O 1152 1677805.56 1456.43 

TOTAL: 2399 6871197.00 
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Table 28. ANOVA summary table for Accuracy of Closest Match 

Source df MS F P 

(Between Ss) 
Color Space (C) 7 15211.06 2173.01 14.21 0.0001 
Subjects (SIC) 72 11007.50 152.88 

(Within Ss) 
Trial (T) 2 278.38 139.19 6.46 0.0021 
Distance (D) 1 1012.03 1012.03 39.25 0.0001 
Patch (P/D) 8 1329.42 166.18 13.82 0.0001 
CxT 1 4 240.27 17.16 0.80 0.6722 
CxD 7 4843.74 691.96 26.84 0.0001 
C x P/D 56 4938.44 88.19 7.33 0.0001 
SIC x T 144 3104.28 21.56 
SIC x D 72 1856.25 25.78 
SIC x P/D 576 6926.57 12.03 
TxD 2 19.96 9.98 0.75 0.4764 
T x P/D 1 6 189.70 11.86 1.22 0.2428 
CxTxD 1 4 76.80 5.49 0.41 0.9700 
C x T x P/D 112 1012.51 9.04 0.93 0.6763 
SIC x T x D 144 1927.97 13.39 
SIC x T x P/D 1152 11170.89 9.70 

TOTAL: 2399 65145.78 
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Table 29. ANOVA summary table for Drift 

Source df MS F P 

(Between Ss) 
Color Space (C) 7 1624.82 232.12 2.40 0.0291 
Subjects (SIC) 72 6969.37 96.80 

(Within Ss) 
Trial (T) 2 220.27 110.13 9.41 0.0001 
Distance (D) 1 41.95 41.95 1.35 0.2484 
Patch (P/D) 8 301.55 37.69 2.62 0.0079 
CxT 14 205.27 14.66 1.25 0.2446 
CxD 7 646.38 92.34 2.98 0.0084 
C x P/D 56 1520.48 27.15 1.89 0.0002 
SIC x T 144 1686.01 11 .71 
SIC x D 72 2230.57 30.98 
SIC x P/D 576 8273.51 14.36 
TxD 2 70.16 35.08 2.83 0.0623 
T x P/D 1 6 112.76 7.05 0.65 0.8477 
CxTxD 14 105.74 7.55 0.61 0.8542 
C x T x P/D 11 2 1213.00 10.83 0.99 0.5058 
SIC x T x D 144 1785.39 12.40 
SIC x T x P/D 1152 12569.62 10.91 

TOTAL: 2399 39576.82 
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Table 30. ANOVA summary table for Difficulty 

Source df MS F P 

(Between S5) 
Color Space (C) 7 230.75 32496 0.66 0.7010 
Subjects (SIC) 72 3570.76 49.59 

(Within Ss) 
Trial (T) 2 50.48 25.24 3.94 0.0216 
Distance (D) 1 1.65 1.65 0.30 0.5879 
Patch (P/D) 8 169.92 21.24 5.34 0.0001 
CxT 1 4 65.37 4.67 0.73 0.7425 
CxD 7 529.98 75.71 13.56 0.0001 
C x PID 56 656.35 11.72 2.95 0.0001 
SIC x T 144 922.29 6.40 
SIC x D 72 401.94 5.58 
SIC x P/D 576 2291.20 3.98 
TxD 2 1.70 0.85 0.28 0.7539 
T x P/D 1 6 39.86 2.49 0.91 0.5526 
CxTxD 1 4 62.72 4.48 1.49 0.1200 
C x T x P/D 112 322.08 2.88 1.06 0.3358 
SIC x T x D 144 431.71 3.00 
SIC x T x P/D 1152 3139.80 2.73 

TOTAL: 2399 12888.56 



145 

Table 31. ANOVA summary table for Confidence 

Source df MS F P 

(Between Ss) 
Color Space (C) 7 1907.71 272.53 4.61 0.0003 
Subjects (SIC) 72 4260.35 59.17 

(Within Ss) 
Trial (T) 2 227.86 113.93 18.20 0.0001 
Distance (D) 1 9.63 9.63 1.64 0.2046 
Patch (P/D) 8 157.40 19.68 4.66 0.0001 
CxT 1 4 30.07 2.15 0.34 0.9869 
CxO 7 633.05 90.44 15.39 0.0001 
C x PIO 56 888.13 15.86 3.76 0.0001 
SIC x T 144 901.33 6.26 
SIC x 0 72 422.99 5.87 
SIC x P/O 576 2431.53 4.22 
TxD 2 1 .51 0.76 0.19 0.8272 
T x P/D 1 6 59.02 3.69 1 .10 0.3477 
CxTxO 1 4 46.73 3.34 0.84 0.6254 
C x T x P/O 112 379.81 3.39 1 .01 0.4480 
SIC x T x 0 144 572.49 3.98 
SIC x T x P/O 1152 3856.51 3.35 

TOTAl: 2399 16786.12 
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Table 32. Summary of Kolmogorov-Smimov Goodness-of-Fit Tests, relating the Sample 
to a Normal Distribution 

Dep. Variable Sample D p< 

Closest All observations 0.195 0.01 

(by Color Space) 
Closest CIELUV 0.215 0.01 
Closest m..s 0.137 0.01 
Closest YIQ 0.151 0.01 
Closest Opponent 0.097 0.01 
Closest Polar CIELUV 0.216 0.01 
Closest RGB 0.087 0.01 
Closest R'G'B 0.109 0.01 
Closest Y 2.2u' v' 0.215 0.01 

(by Patch) 
Closest 1 0.195 0.01 
Closest 2 0.205 0.01 
Closest 3 0.244 0.01 
Closest 4 0.238 0.01 
Closest 5 0.232 0.01 
Closest 6 0.223 0.01 
Closest 7 0.161 0.01 
Closest 8 0.214 0.01 
Closest 9 0.190 0.01 
Closest 10 0.130 0.01 

Final Accuracy All observations 0.206 0.01 

(by Color Space) 
Final Accuracy CIELUV 0.273 0.01 
Final Accuracy m..s 0.167 0.01 
Final Accuracy YIQ 0.153 0.01 
Final Accuracy Opponent 0.114 0.01 
Final Accuracy Polar CIELUV 0.216 0.01 
Final Accuracy RGB 0.133 0.01 
Final Accuracy R'G'B 0.130 0.01 
Final Accuracy Y 2.2u' v' 0.237 0.01 

(by Patch) 
Final Accuracy 1 0.213 0.01 
Final Accuracy 2 0.222 0.01 
Final Accuracy 3 0.241 0.01 
Final Accuracy 4 0.233 0.01 
Final Accuracy 5 0.241 0.01 
Final Accuracy 6 0.250 0.01 
Final Accuracy 7 0.192 0.01 
Final Accuracy 8 0.118 0.01 
Final Accuracy 9 0.213 0.01 
Final Accuracy 10 0.144 0.01 
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Table 32 (conttd). Summary of Kolmogorov-Smimov Goodness-of-Fit Tests, relating 
the Sample to a Normal Distribution 

Dep. Variable Sample D p< 

Final Time All observations 0.175 0.01 

(by Color Space) 
Final Time CIELUV 0.093 0.01 
Final Time HLS 0.245 0.01 
Final Time YIQ 0.330 0.01 
Final Time Opponent 0.274 0.01 
Final Time Polar CIELUV 0.113 0.01 
Final Time RGB 0.134 0.01 
Final Time R'G'B 0.168 0.01 
Final Time Y 2.2u' v' 0.140 0.01 

(by Patch) 
Final Time 1 0.206 0.01 
Final Time 2 0.198 0.01 
Final Time 3 0.197 0.01 
Final Time 4 0.202 0.01 
Final Time 5 0.162 0.01 
Final Time 6 0.168 0.01 
Final Time 7 0.200 0.01 
Final Time 8 0.118 0.01 
Final Time 9 0.193 0.01 
Final Time 10 0.186 0.01 

Drift All observations 0.248 0.01 

(by Color Space) 
Drift CIELUV 0.309 0.01 
Drift HLS 0.229 0.01 
Drift YIQ 0.228 0.01 
Drift Opponent 0.199 0.01 
Drift Polar CIELUV 0.247 0.01 
Drift RGB 0.240 0.01 
Drift R'G'B 0.173 0.01 
Drift Y 2.2u· v' 0.255 0.01 

(by Patch) 
Drift 1 0.271 0.01 
Drift 2 0.255 0.01 
Drift 3 0.210 0.01 
Drift 4 0.245 0.01 
Drift 5 0.253 0.01 
Drift 6 0.246 0.01 
Drift 7 0.245 0.01 
Drift 8 0.256 0.01 
Drift 9 0.244 0.01 
Drift 10 0.216 0.01 
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Table 33. Chi-Squared Test of the Effect of Color Space on LiE<1 Match Criterion 

Color Space LiE<1 LlE~1 Totals Row Chi Sq. 

CIELUV observed 97 203 300 
expected 50.38 249.63 51.86 

Polar CIELUV observed 91 209 300 
expected 50.38 249.63 39.37 

Y 2.2u' v' observed 69 231 300 
expected 50.38 249.63 8.28 

RIG'S' observed 38 262 300 
expected 50.38 249.63 3.65 

observed 38 262 300 
expected 50.38 249.63 3.65 

observed 33 267 300 
expected 50.38 249.63 7.20 

HLS observed 20 280 300 
expected 50.38 249.63 22.01 

Opponent observed 1 7 283 300 
expected 50.38 249.63 26.57 

Totals: 403 1997 2400 

Total Chi Sq. = 162.61 df = 7 p< 0.001 
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Table 34. Chi-Squared Test of the Effect of Trial on AE<1 Match Criterion 

Trial AE<1 AE>1 Totals 

1 observed 101 699 800 
expected 134.33 665.67 

2 observed 147 653 800 
expected 134.33 665.67 

3 observed 155 645 800 
expected 134.33 665.67 

Totals: 403 1997 2400 

Column Chi Sq.: 12.65 2.55 

Total Chi Sq. = 15.20 df = 2 p< 0.001 
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Table 35. Chi-Squared Test of the Effect of Color Patch on ilE<1 Match Criterion 

Patch ilE<1 ilE~1 Totals Row Chi Sq. 

9 observed 61 179 240 
expected 40.30 199.70 12.78 

1 0 observed 47 193 240 
expected 40.30 199.70 1.34 

6 observed 47 193 240 
expected 40.30 199.70 1.34 

8 observed 40 200 240 
expected 40.30 199.70 0.00 

2 observed 40 200 240 
expected 40.30 199.70 0.00 

7 observed 36 204 240 
expected 40.30 199.70 0.55 

4 observed 36 204 240 
expected 40.30 199.70 0.55 

1 observed 34 206 240 
expected 40.30 199.70 1.18 

5 observed 31 209 240 
expected 40.30 199.70 2.58 

3 observed 31 209 240 
expected 40.30 199.70 2.58 

Totals: 403 1997 2400 

Total Chi Sq. = 22.91 df = 9 P< 0.01 
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Table 36. Sutcliffe Chi-Squared Test of the Interaction of Color Space 
and Trial on ilE<1 Match Criterion 

Color Space Trial: 1 2 3 Totals 

CIELUV observed 20 38 39 97 
expected 24.31 35.38 37.31 

Polar CI ELUV observed 24 32 35 91 
expected 22.81 33.19 35.00 

Y 2.2u' Vi observed 21 27 21 69 
expected 17.29 25.17 26.54 

RIG'B' observed 1 1 1 1 1 6 38 
expected 9.52 13.86 14.62 

observed 1 2 1 1 1 5 38 
expected 9.52 13.86 14.62 

observed 5 14 14 33 
expected 8.27 12.04 12.69 

HLS observed 5 7 8 20 
expected 5.01 7.30 7.69 

Opponent observed 3 7 7 1 7 
expected 4.26 6.20 6.54 

Totals: 101 147 155 403 

Chi-Square of interaction = 7.70 df = 14 p< 0.95 
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Table 37. Sutcliffe Chi-Squared Test of the Interaction of Color Space 
and Trials 1 & 2 on ~E<1 Match Criterion 

Color Space Trial: 1 2 Totals 

CIELUV observed 20 38 58 
expected 23.62 34.38 

Polar CI ELUV observed 24 32 56 
expected 22.81 33.19 

Y 2.2ul Vi observed 21 27 48 
expected 19.55 28.45 

RIG'S' observed 1 1 1 1 22 
expected 8.96 13.04 

observed 1 2 1 1 23 
expected 9.37 13.63 

observed 5 1 4 1 9 
expected 7.74 11.26 

HLS observed 5 7 1 2 
expected 4.89 7.11 

Opponent observed 3 7 1 0 
expected 4.07 5.93 

Totals: 101 147 248 

Chi-Square of interaction = 5.37 df = 7 P < 0.7 
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Table 38. Chi-Squared Test of the Effect of Color Space on ~E<3 Match Criterion 

Color Space ~E<3 ~E>3 Totals Row Chi Sq. 

CIELUV observed 216 84 300 
expected 156.00 144.00 48.08 

Polar CI ELUV observed 209 91 300 
expected 156.00 144.00 37.51 

Y 2.2u' v' observed 188 112 300 
expected 156.00 144.00 13.68 

R'G'8' observed 184 116 300 
expected 156.00 144.00 10.47 

observed 169 1 31 300 
expected 156.00 144.00 2.26 

observed 108 192 300 
expected 156.00 144.00 30.77 

HLS observed 105 195 300 
expected 156.00 144.00 34.74 

Opponent observed 69 231 300 
expected 156.00 144.00 101.08 

Totals: 1248 1152 2400 

Total Chi Sq. = 278.58 df = 7 P < 0.001 
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Table 39. Chi-Squared Test of the Effect of Trial on ~E<3 Match Criterion 

Trial AE<3 AE~3 Totals 

1 observed 368 432 800 
expected 416.00 384.00 

2 observed 437 363 800 
expected 416.00 384.00 

3 observed 443 357 800 
expected 416.00 384.00 

Totals: 1248 1152 2400 

Column Chi Sq.: 8.35 9.05 

Total Chi Sq. = 17.40 df = 2 P< 0.001 
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Table 40. Chi-Squared Test of the Effect of Color Patch on .1.E<3 Match Criterion 

Patch .1.E<3 .1.E~3 Totals Row Chi Sq. 

9 observed 148 92 240 
expected 124.80 115.20 8.99 

2 observed 141 99 240 
expected 124.80 115.20 4.38 

5 observed 130 110 240 
expected 124.80 115.20 0.45 

1 0 observed 129 111 240 
expected 124.80 115.20 0.29 

8 observed 125 115 240 
expected 124.80 115.20 0.00 

6 observed 1 21 11 9 240 
expected 124.80 115.20 0.24 

3 observed 120 120 240 
expected 124.80 115.20 0.38 

7 observed 114 126 240 
expected 124.80 115.20 1.95 

1 observed 111 129 240 
expected 124.80 115.20 3.18 

4 observed 109 131 240 
expected 124.80 115.20 4.17 

Totals: 1248 1152 2400 

Total Chi Sq. = 24.03 df = 9 p< 0.005 
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Table 41. Sutcliffe Chi-Squared Test of the Interaction of Color Space and 
Trial on L1E<3 Match Criterion 

Color Space Trial: 1 2 3 Totals 

CIELUV observed 67 73 76 216 
expected 63.69 75.63 76.67 

Polar CI ELUV observed 61 74 74 209 
expected 61.63 73.18 74.19 

Y 2.2u' v' observed 58 65 65 188 
expected 55.44 65.83 66.73 

RIGIS' observed 48 65 71 184 
expected 54.26 64.43 65.31 

observed 60 57 52 169 
expected 49.83 59.18 59.99 

NTSC observed 28 43 37 108 
expected 31.85 37.82 38.34 

HLS observed 27 36 42 105 
expected 30.96 36.77 37.27 

Opponent observed 1 9 24 26 69 
expected 20.35 24.16 24.49 

Totals: 368 437 443 1248 

Chi-Square of Interaction = 7.43 df = 14 P < 0.95 
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Table 42. Sutcliffe Chi-Squared Test of the Interaction of Color Space 
and Trials 1 & 2 on dE<3 Match Criterion 

Color Space Trial: 1 2 Totals 

CIELUV observed 67 73 140 
expected 64.00 76.00 

Polar CI ELUV observed 61 74 135 
expected 61.71 73.29 

Y 2.2u' Vi observed 58 65 123 
expected 56.23 66.77 

RIG'S' observed 48 65 113 
expected 51 .66 61.34 

observed 60 57 11 7 
expected 53.49 63.51 

NTSC . observed 28 43 71 
expected 32.46 38.54 

HLS observed 27 36 63 
expected 28.80 34.20 

Opponent observed 1 9 24 43 
expected 19.66 23.34 

Totals: 368 437 805 

Chi-Square of interaction = 3.69 df = 7 P < 0.9 
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Table 43. Sutcliffe Chi-Squared Test of the Interaction of Color Space and Patch on t1E<3 Match Criterion 

Color SEace Patch: 1 2 3 4 5 6 7 8 9 10 Totals 

CIELUV observed 24 26 22 21 16 17 22 19 23 26 216 
expected 19.21 24.40 20.77 18.87 22.50 20.94 19.73 21.63 25.62 22.33 

Polar CIELUV observed 20 26 13 18 22 16 23 22 28 21 209 
expected 18.59 23.61 20.10 18.25 21.77 20.26 19.09 20.93 24.79 21.60 

Y 2.2u' v' observed 18 20 22 20 19 11 21 16 24 17 188 
expected 16.72 21.24 18.08 16.42 19.58 18.23 17.17 18.83 22.29 19.43 

R'O'B' observed 16 16 17 20 19 19 15 24 22 16 184 
expected 16.37 20.79 17.69 16.07 19.17 17.84 16.81 18.43 21.82 19.02 

ROB observed 16 21 17 15 17 20 14 16 19 14 169 
expected 15.03 19.09 16.25 14.76 17.60 16.39 15.44 16.93 20.04 17.47 

NTSC observed 6 4 14 4 20 22 3 18 8 9 108 
expected 9.61 12.20 10.38 9.43 11.25 10.47 9.87 10.82 12.81 11.16 

observed 4 4 12 8 14 12 10 8 18 15 105 
expected 9.34 11.86 10.10 9.17 10.94 10.18 9.59 10.52 12.45 10.85 

Opponent observed 7 24 3 3 3 4 6 2 6 11 69 
expected 6.14 7.80 6.63 6.03 7.19 6.69 6.30 6.91 8.18 7.13 

Totals: 111 141 120 109 130 121 114 125 148 129 1248 

Chi-Square of Interaction = 59.22 df= 63 P < 0.9 
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Table 44. Chi-Squared Test of the Effect of Color Space on ~E<5 Match Criterion 

Color Space ~E<5 ~E~5 Totals Row Chi Sq. 

R'G'S' observed 263 37 300 
expected 209.88 90.13 44.76 

CIELUV observed 260 40 300 
expected 209.88 90.13 39.85 

observed 250 50 300 
expected 209.88 90.13 25.54 

Polar CIELUV observed 249 51 300 
expected 209.88 90.13 24.28 

Y 2.2u' v' observed 234 66 300 
expected 209.88 90.13 9.23 

observed 169 131 300 
expected 209.88 90.13 26.50 

HLS observed 154 146 300 
expected 209.88 90.13 49.52 

Opponent observed 100 200 300 
expected 209.88 90.13 191 .48 

Totals: 1679 721 2400 

Total Chi Sq. = 411 .15 df = 7 p< 0.001 
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Table 45. Chi-Squared Test of the Effect of Trial on L\E<5 Match Criterion 

Trial L\E<5 L\E~5 Totals 

1 observed 513 287 800 
expected 559.67 240.33 

2 observed 584 216 800 
expected 559.67 240.33 

3 observed 582 218 800 
expected 559.67 240.33 

Totals: 1679 721 2400 

Column Chi Sq.: 5.84 13.60 

Total Chi Sq. = 19.44 df = 2 p< 0.001 
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Table 46. Chi-Squared Test of the Effect of Color Patch on ~E<5 Match Criterion 

Patch ~E<5 ~E;;::5 Totals Row Chi Sq. 

9 observed 180 60 240 
expected 167.90 72.10 2.90 

1 0 observed 180 60 240 
expected 167.90 72.10 2.90 

8 observed 177 63 240 
expected 167.90 72.10 1.64 

2 observed 173 67 240 
expected 167.90 72.10 0.52 

5 observed 173 67 240 
expected 167.90 72.10 0.52 

3 observed 168 72 240 
expected 167.90 72.10 0.00 

6 observed 165 75 240 
expected 167.90 72.10 0.17 

1 observed 158 82 240 
expected 167.90 72.10 1.94 

7 observed 153 87 240 
expected 167.90 72.10 4.40 

4 observed 152 88 240 
expected 167.90 72.10 5.01 

Totals: 1679 721 2400 

Total Chi Sq. = 20.00 df = 9 p< 0.02 



164 

Table 47. Sutcliffe Chi-Squared Test of the Interaction of Color Space 
and Trial on ilE<5 Criterion 

Color Space Trial: 1 2 3 Totals 

CIELUV observed 88 86 86 260 
expected 79.44 90.43 90.13 

Polar CIELUV observed 77 87 85 249 
expected 76.08 86.61 86.31 

Y 2.2u' Vi observed 75 81 78 234 
expected 71.50 81.39 81.11 

R'G'S' observed 77 92 94 263 
expected 80.36 91.48 91.16 

FG3 observed 85 86 79 250 
expected 76.38 86.96 86.66 

~ observed 47 60 62 169 
expected 51.64 58.78 58.58 

HLS observed 41 53 60 154 
expected 47.05 53.57 53.38 

Opponent observed 23 39 38 100 
expected 30.55 34.78 34.66 

Totals: 513 584 582 1679 

Chi-Square of Interaction = 8.49 df = 14 p< 0.90 
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Table 48. Chi-Squared Test of the Interaction of Color Space and Patch on AE<5 Match Criterion 

Color SEace Patch: 1 2 3 4 5 6 7 8 9 10 Totals 

CIELUV observed 27 28 27 27 22 24 25 24 26 30 260 
expected 24.47 26.79 26.02 23.54 26.79 25.55 23.69 27.41 27.87 27.87 

Polar CIELUV observed 28 28 18 24 26 19 24 26 30 26 249 
expected 23.43 25.66 24.91 22.54 25.66 24.47 22.69 26.25 26.69 26.69 

Y 2.2u' v' observed 23 25 26 24 22 17 25 21 27 24 234 
expected 22.02 24.11 23.41 21.18 24.11 23.00 21.32 24.67 25.09 25.09 

R'O'B' observed 25 22 26 27 28 29 24 29 28 25 263 
expected 24.75 27.10 26.32 23.81 27.10 25.85 23.97 27.73 28.20 28.20 

ROB observed 27 26 26 25 23 28 23 22 26 24 250 
expected 23.53 25.76 25.01 22.63 25.76 24.57 22.78 26.35 26.80 26.80 

NrSC observed 8 7 27 7 27 28 8 28 12 17 169 
expected 15.90 17.41 16.91 15.30 17.41 16.61 15.40 17.82 18.12 18.12 

HLS observed 12 11 13 12 20 14 14 16 23 19 154 
expected 14.49 15.87 15.41 13.94 15.87 15.13 14.03 16.23 16.51 16.51 

Opponent observed 8 26 5 6 5 6 10 11 8 15 100 
expected 9.41 10.30 10.01 9.05 10.30 9.83 9.11 10.54 10.72 10.72 

Totals: 158 173 168 152 173 165 153 177 180 180 1679 

Chi-Square of Interaction = 50.36 df = 63 p < 0.9 
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Table 49. Chi-Squared Test of the Effect of Color Space on Frequency of Time Outs 

Color Space Time Out Stopped Trial Totals Row Chi Sq. 

CIELUV observed 47 253 300 
expected 110.00 190.00 56.97 

Polar CI ELUV observed 63 237 300 
expected 110.00 190.00 31.71 

observed 73 227 300 
expected 110.00 190.00 19.65 

Y 2.2u' v' observed 78 222 300 
expected 110.00 190.00 14.70 

RIG'S' observed 112 188 300 
expected 110.00 190.00 0.06 

HLS observed 155 145 300 
expected 110.00 190.00 29.07 

Opponent observed 163 137 300 
expected 110.00 190.00 40.32 

observed 189 111 300 
expected 110.00 190.00 89.58 

Totals: 880 1520 2400 

Total Chi Sq. = 282.06 df = 7 p< 0.001 
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Table 50. Chi-Squared Test of the Effect of Trial on Frequency of Time Outs 

Trial Time Out Stopped Trial Totals 

1 observed 379 421 800 
expected 293.33 506.67 

2 observed 280 520 800 
expected 293.33 506.67 

3 observed 221 579 800 
expected 293.33 506.67 

Totals: 880 1520 2400 

Column Chi Sq.: 43.46 25.16 

Total Chi Sq. = 68.62 df = 2 p< 0.001 
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Table 51. Chi-Squared Test of the Effect of Color Patch on Frequency of Time Outs 

Patch Time Out Stopped Trial Totals RowChiSg. 

9 observed 88 152 240 
expected 88.00 152.00 0.00 

1 0 observed 85 155 240 
expected 88.00 152.00 0.16 

6 observed 86 154 240 
expected 88.00 152.00 0.07 

8 observed 60 180 240 
expected 88.00 152.00 14.07 

2 observed 94 146 240 
expected 88.00 152.00 0.65 

7 observed 92 1,48 240 
expected 88.00 152.00 0.29 

4 observed 106 134 240 
expected 88.00 152.00 5.81 

1 observed 100 140 240 
expected 88.00 152.00 2.58 

5 observed 76 164 240 
expected 88.00 152.00 2.58 

3 observed 93 147 240 
expected 88.00 152.00 0.45 

Totals: 880 1520 2400 

Total Chi Sq. = 26.66 df = 9 p< 0.005 
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Table 52. Chi-Squared Test of the Interaction of Color Space and Trial 
on Frequency of Time-Outs 

Color Space Trial: 2 3 Totals 

CIELUV observed 23 1 4 1 0 47 
expected 20.24 14.95 11.80 

Polar CIELUV observed 32 1 9 1 2 63 
expected 27.13 20.05 15.82 

Y 2.2u' v' observed 35 28 1 5 78 
expected 33.59 24.82 19.59 

R'G'B' observed 45 36 31 112 
expected 48.24 35.64 28.13 

observed 29 27 1 7 73 
expected 31.44 23.23 18.33 

NTSC observed 78 59 52 189 
expected 81.40 60.14 47.46 

HLS observed 68 43 44 155 
expected 66.76 49.32 38.93 

Opponent observed 69 54 40 163 
expected 70.20 51.86 40.94 

Totals: 379 280 221 880 

Chi-Sq. of Interaction = 7.74 df = 14 P < 0.95 



APPENDIX G. Instructions for Participants 

{The following was read to the subject at the start of the training session. 

The subject would be seated at the controls, with neutral patches displayed on 

the screen. All capitalized words were vocally stressed.} 

The TASK you will be performing in this study is COLOR MATCHING. We 

are interested in BOTH your ability to match colors ACCURATELY and your 

SPEED in accomplishing this. Your PRIMARY concern, however, is an 

ACCURATE color match. 

When we begin, you will see TWO color patches. The TOP patch is the color 

you must MATCH. You do so by CONTROLLING the color of the BOTTOM 

patch, using the keyboard in 'front of you. 

Now look down at the KEYBOARD. There are SIX keys in the CENTER of the 

keyboard. These keys control THREE aspects, or DlMENSIONS, of the color 

patch. You make CHANGES to the color by INCREASING and DECREASING 

the values of these three dimensions. The UPPER row of keys is for 

INCREASING; the LOWER row is for DECREASING {point to this arrangement 

of keys on the keyboard}. You can TAP the keys for SINGLE INPUT, or HOLD 

DOWN the keys for MULTIPLE INPUT. At FIRST, the CHANGES you make will 

be COARSE. You can hit the SPACE BAR at any time if you wish to make FINE 

changes. Hit the SPACE BAR again if you want to reinstate COARSE changes. 

EVERY TIME you hit the SPACE BAR, the movements made by the six central 

keys will change 'from COARSE to FINE or 'from FINE to COARSE. Every color 

match trial begins AUTOMATICALLY in the COARSE mode. I suggest you 
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REMAIN in this mode until you are in the VIC IN lTV of the target color, at which 

point you can switch to FINE CONTROL in order to FINE TUNE the color. 

If you hear this SOUND {demonstrate}, you have REACHED the LIMIT of that 

DIMENSION you are trying to change, at least for that particular color region. If 

this happens, REMOVE your finger from the key until the beeps STOP, then 

PRESS a DIFFERENT key. If you find that your movements are very LIMITED in 

BOTH directions of a dimension, switching to a DIFFERENT dimension may 

allow you to MOVE into a color region in which the FORMER dimension is 

LESS limited. ALL matches that I am asking you to make CAN be 

SUCCESSFULLY done by manipulating the three dimensions as I have just 

described. 

Now place your DOMINANT hand over the color controls, so that your FIRST 

THREE FINGERS lie over the color-change KEYS and your THUMB sits over 

the SPACE BAR. {Ensure this position is correctly achieved.} Your FREE hand 

will START and STOP each trial by hitting the key on the LEFT/RIGHT {state 

appropriate side} side of the keyboard. When you do so, the TWO COLOR 

PATCHES will be displayed on the screen and the TIMER will start. The NEXT 

time you hit the key on the LEFT/RIGHT {state appropriate side}, the timer will 

STOP, and THIS colorless field will show up on the screen again. Once you 

have STARTED, do NOT hit the STOP KEY until you are SATISFIED that the 

patches on the screen are the SAME COLOR. You have only 3 AND A HALF 

MINUTES to match each color. At THREE minutes, you will hear a WARNING 

sound {demonstrate}, after which you will have only 30 SECONDS left to 

complete the match. If this colorless field SUDDENLY appears, accompanied 
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by a short TUNE, it means that you have USED UP your time, and the trial is 

OVER. 

AVOID looking away from the screen, UNLESS it is to GLANCE down at the 

KEYBOARD to reorient your fingers. CONTINUE to LOOK at the screen even 

AFTER you have STOPPED the trial. Between EACH color-matching TRIAL, I 

will be ASKING you TWO questions, as follows: "On a scale from 1 to 10, what 

was the DIFFICUL TV of the color match you just made, being the LOWEST 

difficulty and 10 being the HIGHEST difficulty?" and "On a scale from 1 to 10, 

what is your CONFIDENCE in the MATCH you just made, 1 being the LOWEST 

confidence and 10 being the HIGHEST confidence?" Answer these questions 

as HONESTLY as you can, and CONTINUE to look AT the screen. 

The task BEGINS with ONE PRACTICE match, with a TIME LIMIT of THREE 

minutes and THIRTY seconds. During the practice match, I ENCOURAGE you 

to EXPERIMENT with the color dimensions, holding down a key in efforts to 

determine the contribution of that dimension to the color. If you 

SYSTEMATICALLY EXPLORE the dimensions in this fashion, I am confident 

that your PATIENCE with this task will be REWARDED. After the practice match, 

you will perform THREE SETS of TEN matches each. 

If you have any QUESTIONS about ANYTHING I have said, or ANY PART of the 

task, you may ask me at ANY TIME. Now you may START whenever you're 

READY. 
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