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(ABSTRACT)
An Analytic Model to Predict Detection Threshold and Performance
Data for Misconvergence on a Shadow-Mask CRT
by
Carita Allene DeVilbiss

This research was conducted to achieve four objectives. The first objective was to
develop an analytic model to predict the expected luminance distribution through the shadow-
mask structure on a color CRT display system. The model incorporates functions to describe the
unique features of a color CRT, that is, the discrete sampling imposed by the shadow-
mask/phosphor-dot arrangement as well as the electron beam phase relationships. The model
also includes a flexible beam profile which allows the user to specify the desired shape of the
beam profile, that is, whether the profile is described with a Gaussian, leptokurtic, or
platykurtic distribution. This objective was fully satisfied with a computer program written in
Lightspeed C which runs efficiently on Macintosh computers.

The second objective was to determine detection thresholds for various levels of
misconvergence of the three electron guns. When the three guns are properly registered, the
luminance profiles converge and one perceives a color combination rather than the separate red,
green, and blue luminances. Misconvergence is perceived by a change in the overall color or by
color fringes, for example, a red edge to a yellow line. Past research has shown that threshold
detection of misconvergence occurs when the primary beams are misconverged by 1 to 2 visual
arcminutes of separation. This finding was replicated in this research for the two-color beam
combinations which have previously been investigated, as well as for a white pixel, which

involves all three guns.



The third objective was to demonstrate the effect of misconvergence on the performance
of a visual task and on subjective estimates of image quality. While subjective quality and
threshold detection have previously been investigated for some color combinations, the three
tasks (i.e., threshold detection, visual task performance, and subjective estimates) have not
been systematically combined within the same data set for a variety of misconvergence
conditions. This research provides such a composite data set. The subjective quality estimates
were significantly correlated with the threshold detection data. In other words, as
misconvergence of the display image increased, the probability of detection of misconvergence
increased and the subjective quality rating decreased. However, the selected visual task (a
short reading task with average reading time of 6.5 s) was not significantly affected by very
large levels of misconvergence. Rather than conclude that the levels of misconvergence used in
this research do not affect reading task performance, a more comprehensive visual task (e.g., a
longer editing task, a random search task, or a map reading task) should be evaluated.

The final objective was to evaluate the ability of selected image quality metrics which
are computed from the model to predict threshold detection, subjective quality ratings, or
visual task performance. The three metrics computed in this model (MTF Area, MTFA, and
SQRI) are all based upon the modulation transfer function (MTF) of the display. These three
computed metrics were for all practical purposes constant across the range of misconvergence.
While this result was unexpected, it does suggest (1) that a model based only on luminance may
be deficient because of the omission of chromaticity, and (2) that MTF-based metrics may not be
an appropriate representation because misconvergence does not change the display’s ability to
transmit information, but is a phase shift along the shadow mask.

As summarized, this research successfully met three of the stated objectives. Further, it
points toward future research opportunities to further this type of modelling effort and to

successfully develop image quality metrics for color displays.
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INTRODUCTION

Technological advances in the area of electronic information displays have resulted in
color displays being widely available and used routinely. Color displays can be found in almost
any setting, from the normal office environment to process control systems, color graphic
displays for design, medical imaging, command-control-communications systems, and
commercial and military airplane cockpits. Additionally, the performance characteristics of
color electronic displays may soon rival those of monochrome displays in areas such as cost,
addressable resolution, and "crisp" readability, thereby further extending their usage.
Distinct advantages are cited for using color in display design, such as: (1) aesthetic benefits of
color, supported by the general preference for color over monochrome presentations, (2)
potential for increasing information coding capability and flexibility, (3) potential for reducing
visual search time on complex displays, and (4) advantages derived from the use of color
contrast to increase symbol visibility and reduce display luminance requirements (Silverstein,
1987).

The increased use of color displays also highlights some major disadvantages inherent to
color display systems. In a review of the available literature on color displays, Hale and
Billmayer (1988) listed the following disadva-ntages: (1) The improper use of colors can lead to
the design of a display screen which contains too many colors or irrelevant colors. Such a
display will be detrimental rather than helpful to the user of the system. (2) Aesthetic
overindulgence (i.e., when aesthetics are preferred over useful performance data) should be
avoided in the design of any system. (3) Detrimental perceptual phenomena (e.g., peripheral
color vision, chromatic aberration, color stereoscopy) can interfere with predicted color
perception. We may be able to define precisely a color in the physical sense, but the perceptual

response to that color depends on the viewing conditions and other visual stimuli in the field of



view (Walraven, 1984, p. 13.8). (4) Misconvergence of the primary colors in a shadow-mask
display is one of its disadvantages relative to monochrome displays.

The effective use of color requires a detailed understanding of how both the human user and
the electronic display system process color information. While the ramifications of using color
systems are not completely understood, the number of color display devices in use today
continues to escalate. Thus, the increasing usage of color displays intensifies the need to

investigate their advantages and disadvantages.

Color CRTs

Many available display technologies are capable of producing color images. Some
technologies use discrete color emitting or reflecting elements to achieve full-color capability,
e.g., the liquid crystal display (LCD), the plasma display, and the vacuum fluorescent
display. The color cathode ray tube (CRT) technology is an extension of the monochrome CRT,
with the color CRT devices typically using three electron guns rather than one. Due to its high
reliability and low cost, the color CRT is used far more than the other color display
technologies. Therefore, the shadow-mask CRT is the focus of this research.

The design alternatives for color CRT displays can be categorized into four basic
configurations (Figure 1). Each uses a specific geometric arrangement (dots, stripes, or layers)
for the deposition of red, blue, and green phosphor on the screen. An internal mask structure,
which lies behind the phosphor layer, directs the energy from the electron gun to a given color
phosphor. The three electron guns for the red, green, and blue primary colors are arranged
either in a delta (or triangular) fashion, in-line with each other, or combined as a single in-line
unit. The most common arrangement is the delta-gun/delta-mask (or shadow-mask) color CRT.
This configuration uses a triangular arrangement for the electron guns with small holes

(apertures) in the mask structure in front of a screen with red, green, and blue phosphor dots.



(d)

Figure 1. Four basic structures for color cathode ray tubes (CRTs) include (a) delta-gun/delta-
mask CRTs, (b) in-line gun/delta-mask CRTs, (c) in-line gun/slotted mask CRTs, and (d) single

lens in-line gun/metal strip mask CRTs. (Adapted from Merrifield, 1987, p. 70).



Color generation. The screen of the shadow-mask CRT display contains a regular array of
colored phosphor dots or triads corresponding to red, blue, and green primary colors. The
apertures in the shadow-mask correspond with the physical arrangement of the phosphor
droplets. Hence, the shadow-mask directs energy from the electron guns through its aperture
and onto the appropriate phosphor dots (i.e., energy from the red electron gun only falls upon
the red phosphor droplets, etc.). Only a certain portion of the available energy is passed
through the apertures, while the rest is blocked by the shadow-mask screen. The three
independent guns provide color control by proportional activation of the color phosphor dots.
The simultaneous trace distributions from the electron beams overlap and combine in an
additive manner. Primary colors are created when a single gun activates its associated
phosphor color dots on the screen. Non-primary colors are created when at least two electron
guns activate phosphor dots in the same region of the screen and are "mixed" by the observer's
visual system.

Misconvergence. When all three electron guns are perfectly registered, the centers of the
electron beam distributions on the phosphor screen overlap and converge to yield an additive
color. If the guns do not converge properly, the trace centers do not overlap and the colors in the
resulting image are misconverged. The visual effects of misconvergence vary. For example, a
yellow image is created with converged traces from the red and green electron guns. If the
registration between the red and green electron guns is incorrect, the resulting image may
appear as a yellow trace with a red fringe on one side and a green fringe on the other. If
misconvergence is extensive, no yellow image will appear; rather, only separate red and green
traces will exist without overlap. Intuitively, extreme levels of misconvergence between the
color beams should produce a profound effect upon the perception of the image color and quality

of the resulting screen.



Image Quality

The wide-spread and growing use of color displays has intensified the need for a metric of
image quality devoted to these color systems. While such a metric would be useful for display
evaluation, user performance prediction, and device quality assurance, the development of a
color image quality metric is not an easy task. Some studies have investigated the influence of
individual color display parameters in terms of subjective quality estimates and simple
observer performance tasks (e.g., Benzschawel, 1985; Christ, 1975; Matthews, 1987). However,
there has been little effort toward the development of analytical models which incorporate
the chrominance and luminance variables inherent within a color display.

Monochrome display systems. Current resolution measurement techniques for color systems
have been adapted from the monochromatic CRT evaluation practices. Image quality metrics
based on the modulation transfer function (MTF) have been developed for a monochrome
display system. The MTF is based upon the theory of linear systems analysis and the
mathematics of Fourier transformations. This approach quantifies the ability of the display
system to transmit images in the spatial frequency domain. The modulation transfer function
area (MTFA) is an image quality metric that takes into account the MTF of the display system
as well as the contrast sensitivity of the human visual system. Experimental studies have
shown good correlation between MTFA and visual task performance (Beaton, 1984; Snyder,
1988; Task, 1979).

Another approach to an image quality metric, the square root integral (SQRI), has recently
been published (Barten, 1987, 1989). As with the MTFA, the SQRI metric employs the MTF of a
display as well as the CTF of the human visual system. The SQRI metric has shown high

correlation with other measures of image quality.



Color display systems. Some attempts have been made toward the development of
appropriate metrics which quantify how well the observer can resolve information presented
on a color display. To be useful, an integrated approach accounting for both human operator and
color display characteristics must be used in the development and evaluation of effective color
display systems. The fundamental structural differences between a monochrome CRT and a
color CRT display system center around the inherent sampling process introduced by the
presence of the shadow-mask structure and the use of three electron guns rather than one.
While some research approaches have included a parameter for the spacing (pitch) of the
apertures on the shadow mask, the phase relationship between the electron guns and the
shadow mask has not been addressed directly, but is represented with an average value (Kubo,
1982).

Another issue that has yet to be resolved is the appropriate representation of the
luminance of a spot profile when the shadow-mask is present. As noted above, the aperture of
the shadow-mask allows only part of the energy to pass through and fall on the phosphor dots.
Hence, the luminance profile emitted through the shadow mask has a spiked appearance due
to the sampling process (Figure 2). This sampling process is further complicated by the phase
relationships between the beam profile and the shadow mask structure. These are some of the
major differences between the monochrome and color CRT which remain to be adequately

addressed in the formation of an image quality metric for a color display system.

Summary

In summary, there are unique engineering aspects of color CRTs which have a direct bearing

upon the quality, and hence utility, of these devices. While some industry-accepted guidelines

are in use today, adequate information does not exist to verify whether the guidelines are
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appropriate for a variety of human visual task predictions. An investigation of conditions
which quantify the effects of misalignment of the electron guns should contribute to the
improvement and enhancement of these standards for color CRT display systems.
Additionally, examining the effects of the shadow mask sampling pattern is needed to develop

procedures to objectively evaluate the merits of a particular color CRT display design.

Research Objectives

To further understanding of the effects of misconvergence in a shadow-mask CRT display
system, the objectives of this research are:

(1) to develop an analytical model to predict the expected luminance distribution through
the shadow-mask structure on a color CRT display system,

(2) to determine detection thresholds for various levels of misconvergence of the electron
guns on a shadow-mask CRT,

(3) to demonstrate the effect of misconvergence on operator subjective quality estimates and
visual task performance with a representative reading task, and

(4) to evaluate the ability of selected unitary metrics of image to predict threshold

detection, subjective image quality, and visual task performance at various misconvergences.



LITERATURE REVIEW

Color shadow-mask CRT displays use three electron guns and a mask structure coated with
colored phosphor dot triads to produce red, blue, and green primary colors. When the guns are
perfectly registered, the trace distributions are overlapped and converged, yielding the
perceptually additive color. If the guns are not registered properly, the trace centers do not
overlap and the resulting image is misconverged. While misconvergence is often described as
the distance between trace centers, the impact of varying misconvergence levels on the
performance of human operators is more complex. For example, viewing distance, minimum line
width, spacing between characters or symbols, and ambient illumination jointly determine the
quality of an image and the potential visual effects of misconvergence. Somewhere between the
threshold for detection and total color separation, the observer's ability to perform required
tasks becomes impaired. Misconvergence measurement, detection threshold, subjective image
quality ratings, and performance data are important related aspects needed to define fully

acceptable levels of misconvergence and the potential effects of misconvergence.

Luminance Model

The development of a quantitative model of image quality for color CRT display systems
has lagged behind the wide-spread use of these systems. Among the reasons underlying this
problem is the absence of an engineering methodology to represent the image output from a color
CRT display system. The sampling process introduced by the shadow-mask structure and
phosphor dot pattern complicate both the definition and the measurement of line width,

convergence, and symbol element luminance. Recent efforts to develop a methodology to
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evaluate the influence of various system parameters on the perceptual qualities of a
multichromatic CRT primarily have been empirical in nature.

Mathematical formulation. Results from 10 years of research and development at NHK
(Japan Broadcasting Corp.) for high definition CRTs and HDTV were presented by Kubo in
1982. Included in his paper is a mathematical formulation for the response characteristics of
the shadow-mask structure of the CRT. This formulation has subsequently been used by other
researchers (Infante, 1984; O'Callaghan and Veron, 1987; Veron, 1985) in their efforts to

characterize shadow-mask CRT displays. Two fundamental expressions for the shadow-mask

response are
e
Ymax(”)=COS2[T]N[U (0]
e e
Ymin(u)=cos|:7]n fu cos[T] [2-‘6|n tu ] @
for the shadow-mask response, where U is spatial frequency in cycles per mm, 8 = 2 l: > } y jl

1
- INT l:-ﬂu— + 0.5 ] where the function INTI[x] represents the integer part of x and | is the

the horizontal distance of shadow mask apertures (Figure 3). These expressions represent the
"best" and "worst" cases of spatial phase relationship between the scanning pattern and the
dot structure. Note that the factor (/) is included in these expressions to account for the mask
pitch in the horizontal direction, and it is the only parameter specific to the geometric
configuration of the shadow-mask CRT.

Resolution metric. As an outgrowth of examining the influence of spot size on the
modulation depth of luminance patterns on monochrome CRTs, Barten (1984) proposed a
modulation index as a resolution metric. Based on his experimental investigation, he proposed
to define resolution as a modulation depth of 50% for the highest spatial frequencies to be
displayed. This "rule of thumb" has been useful for display designers as a guideline in

designing and specifying CRT display systems (Infante, 1984). While such a metric is useful for
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PHOSPHOR
DOTS

Figure 3. Shadow mask and phosphor dot structure with parameters defined by Kubo, 1982.
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monochrome CRTs, the shadow-mask (SM) sampling process obscures its usefulness for SM-
CRTs. In discussing some basic considerations concerning the influence of spot size and shadow-
mask pitch on the resolution capability of SM-CRTs for data display, Barten stated that for
color display tubes, resolution is completely determined by the shadow-mask pitch. Therefore,
Barten concluded, when the spot size is adapted to the limitations imposed by the shadow-
mask (i.e., spot width at 50% luminance < pitch of the shadow mask) optimal results occurs.

Design tradeoffs. Infante (1984) used the MTF concept as a method to evaluate the
influence of various physical display parameters (such as beam size, bandwidth, shadow-mask
pitch, and viewing distance) on perceptual qualities. Infante began with a combined MTF for a
monochrome high-resolution CRT and its video system:

MTF (u)=Mgu) M(w) 3
where M.(u) is a function of the CRT spot size and M,,(u) is a function of the video frequency.
Appendix A provides further detail on the development of these transfer functions.

To describe the quality of the monochrome system, a measure of image quality called the
modulation transfer function area (MTFA) was defined as:
MTFA = l}o [ MTF) - CTF(up)] du @)
0
where CTF(u,) is the contrast threshold function of the eye as a function of the spatial
frequency at the retina, and ug is the spatial frequency at which MTF(u) = CTF(u). With such a
representation for monochrome CRTs, different display design parameter sets (i.e., spot size,
video frequency, viewing distance) can be evaluated and compared.

To extend this expression to color CRTs, Infante (1984) replaced the video system MTF term

My(u) with an expression for the shadow mask which is the average of Kubo's Yp,,x (u) and

Ymin (u). Hence, this term represents the average of the "best" and "worst" cases of the spatial

phase relationship between the scanning pattern and the dot structure
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(Ymax W + Ypin )
MTF (u) = M (w) > : 5)

Using the same procedure that he used to predict the monochrome CRT system performance,

Infante inferred that the perceptual qualities of the color CRT system can be represented with
MTFA = }lo[ MTF(u) - CTF(up)du ] ®

0

for representative conditions, such as a 50-cm viewing distance and essentially infinite

bandwidth. Hence, this methodology could be used as a predictor of display quality. Infante

concluded with the statement that the validity of these conclusions should be verified with

independent human factors experiments.

Automated resolution measurements. A technique for the automated measurement of the
resolution of SM-CRT displays was presented in a series of papers by Veron and O'Callaghan
(O'Callaghan and Veron, 1987; Veron, 1985, 1989; Veron and O'Callaghan, 1987). Their
technique utilizes a linear systems approach to relate Barten's monochrome modulation index
to an effective shadow-mask modulation index. The input waveform is the monochrome plot of
intensity as a function of position, and the governing equations for the linear system are

HS)=FS)G©S) and hx)=F1[FS) G©)], @
where F(S) and H(S) are Fourier spectra of the input and output waveforms, respectively. The
MTF of the SM-CRT system, G(S), consists of the MTFs described by Infante for the electron
beam, the shadow mask, and the observer's eye. The calculated output waveform h(x,L)
represents the "brightness modulation” as perceived by the observer located at a distance L
from the display.

Luminance model summary. To date the approach taken in the development of a model to
represent the expected luminance distribution from an SM-CRT has included a representation

for the mask pitch (imbedded in the average Yp,,x (1) and Y,,;, (u) ) and a standard expression

for the response of the observer's visual system based on viewing distance. The lack of a












































































































































































































































































































