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(ABSTRACT)

This dissertation was a two-phase effort. Phase I investigated the physical image quality of
16 mesh, etched, and quarterwave antireflection filters for varying levels of filter transmissivity.
Three levels of ambient lighting and two levels of monochrome CRT resolution were combined
factorially with the filters. In addition, user measures of readability, legibility, and perceived image
quality were obtained for these same filter and environmental conditions. Quantitative models were
developed to predict the performance and subjective data based on signal and noise measures de-
rived from the physical measurements. Phase II examined the effects of a wide range of filter
transmissions and diffuse illuminance on measured image quality and the same user measures as in

Phase I.

Phase I showed that while none of the glare filters yielded improved readability or legibility
over a baseline condition, the etched and low transmission filters were notable for their degradation
of human performance. Mesh and quarterwave filters were found to improve perceived image
quality when a specular glare source was present. Modeling was minimally successful for the
reading and legibility tasks, but yielded good fit models for perceived image quality. Phase II
showed that when even extreme losses in display contrast occurred, users were capable of good
reading and legibility performance. Perceived image quality was inversely related to illuminance

level. Prediction of performance by image quality metrics was generally not too successful.

It was concluded that in office-type environments, mesh or quarterwave filters can be used to
improve perceived image quality when specular glare sources are present, but that no anti-glare fil-

ters yielded enhanced short-term readability or legibility over a baseline. Etched filters were not



recommended. Measures of physical image quality proved to be good predictors of perceived image
quality, but not of timed measures of readability or legibility. Under moderate lighting conditions,
monochrome CRTs should be fitted with fairly high transmission filters as it was found the contrast
enhancement offered by low transmission filters had negligible effects on performance. Finally,
consistent and repeatable findings of degraded legibility for high luminance contrast levels (low
illuminance) generated questions as to the existing standards regarding maximum contrast require-

ments for CRT use.
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INTRODUCTION

Rationale

In 1981 the National Institute for Occupational Safety and Health (NIOSH) asked the Na-
tional Academy of Sciences to critically examine the existing literature pertaining to visual issues
encountered in occupational video viewing, to identify methodological problems, and to suggest
areas of research needed to resolve these problems. With this in mind, the National Research
Council’s Committee on Vision established a panel of individuals with expertise ranging from
ophthalmology and optometry to display and human factors engineering to investigate these issues.
A 1983 report released by this panel (National Research Council, 1983) pointed out that one of the
two major areas of research deficiency was the relationship of display characteristics to workplace
conditions. Specifically, the report singled out research considering display design, workplace illu-

mination, and the effective suppression of glare as requiring immediate and careful attention.

The panel suggested that glare filter effectiveness should be measured as a function of type and
location of the glare source. Further, image quality measurements should be made to determine
and quantify any degradation that may occur with the addition of the various filter technologies.
Filter transmission characteristics under differing environmental conditions and their effects on
visual task performance were also identified as important. The report went on to explain that one
of the main goals behind this research should be “to cut through the morass of arbitrary, capricious,
and often misleading claims made by some filter manufacturers.” Clearly, this report sent out a

strong signal to the scientific community that attention should be focused on these issues in a



quantitative and objective manner. However, since publication of the NRC report, only a handful
of relevant studies has been performed. Unfortunately, for the most part, even these investigations
have lacked the level of scientific rigor and scope necessary to address adequately the issues or to

generalize beyond their specific applications.

With the above in mind, the present investigation was designed to answer those research
questions raised in the NRC report. In addition, the research extends into the areas of human
performance prediction based on measures of image quality, as well as the optimization of glare
filter characteristics such as antireflection and contrast enhancement. The displayed image quality
under various anti-glare treatment and lighting conditions was quantified through microphotometric
measurements and subsequent analyses. Upon completion of these measurements, extensive hu-
man performance studies were conducted using the same anti-glare and lighting conditions. Legi-
bility, readability, and perceived image quality measures were used in an attempt to cover a range
of human information processing complexity. Finally, although glare problems can exist in some
form for nearly all electronic display technologies, the physical properties of the monochrome
cathode ray tube (CRT) that leave it particularly susceptible to glare, and its widespread use in

business, industry and the military singled it out as the logical host display.




FAMILIARIZATION WITH BASIC CONCEPTS

Types of Glare

The lighting research industry has made the distinction between visual discomfort glare and
visual impairment or disability glare and it appears that most workers in this area adhere to the
same approach (Brown, Dismukes, and Rinalducci, 1982; Cakir, Hart, and Stewart, 1980; National
Research Council, 1983). Brown et al. (1982) define glare as a sensation produced by luminances
within the visual field that are sufficiently greater than the luminance to which the eyes are adapted
that causes annoyance, discomfort, or loss in visual performance or visibility. The magnitude of
this sensation depends on factors such as size, position, and luminance of sources or reflecting

surfaces as well as the luminance to which the eye is adapted.

The office environment rarely contains glare sources of sufficient intensity to be capable of
producing visual discomfort (Cakir et al., 1980). Therefore, the present discussion will focus on the
causes of disability glare, its effects on visual performance, and the anti-glare filters that have been
designed to eliminate it.  Disability glare is reflected or emitted light that reduces visual perform-
ance and visibility. Brown et al. (1982) point out that disability glare can be caused by light scat-
tered within the eye that serves to reduce contrast at the retina or by specular reflections from glossy
surfaces that produce a veil of light, thereby reducing contrast at the display. This loss of contrast
at either the retina or the display has been shown to lead to decrements in selected visual tasks when
contrast reduction is moderate and, when extreme, can completely mask the displayed information.

These findings will be discussed in more detail in later sections.



Isensee and Bennett (1983) and Cakir et al. (1980) categorize discomfort and disability glare
into either direct or reflected glare. Direct glare is produced by a luminous source being directed
into the individual’s eyes. Examples of direct glare sources can range from oncoming automobile
headlights to sunlight entering through a window immediately behind the computer display at
which the individual is working. Reflected glare occurs when a possible direct glare source is re-
flected by a specular or glossy surface and into the operator’s eyes. While direct glare sources in the
operating environment should certainly be avoided, anti-glare filters will have no effect on the loss
of retinal contrast that occurs with their presence. Where anti-glare treatments are particularly
useful is in dealing with reflected glare from either the untreated front surface of the CRT (about
4% reflectance) or the phosphor deposited surface (from 22% to 27% diffuse reflectance). Thus,
the remainder of this dissertation will be limited to discussion of glare reflected from the front sur-
face, the phosphor surface, or any of the glass interfaces between these two that are capable of

causing some loss in visual performance or perceived image quality.

Effects of Reflected Glare

Reflection from the phosphor plane. Reflected glare from the CRT phosphor surface will
ordinarily make the unfiltered, unexcited areas appear a diffuse, milky color of some luminance
greater than zero. The magnitude of this luminance varies directly with the luminance of the light
source and the distanée of this source from the phosphor plane. When no light source is present
(ie., in a dark room), and the luminance of the unexcited phosphor will usually be very small and
can be attributed to the “off” voltage of the electron beam producing some minimal phosphor
excitation. In this dark environment, maximum luminance modulation (M) is found between the
“on” and “off” areas of the screen, where M is defined as the difference between the maximum and
minimum displayed luminance divided by the sum of the maximum and minimum luminances.

This relationship is defined in the equation below as



Lmax - Lmin
M=, (1)
Lmax + Lmin

where M is the luminance modulation,
Lmax is the maximum luminance, and
Lmin is the minimum luminance.

Clearly, with zero background luminance present, M is unity. When a light source is introduced,
however, and both the maximum and minimum luminance are increased, the luminance modu-
lation can range from near zero under high illuminance levels to nearly unity when low illuminance

is present.

Blackwell (1946) in his classic determination of contrast thresholds of the human visual system
recorded responses to test stimuli, producing very stable threshold functions for various adaptation
luminances and stimulus sizes. In general, he showed that increasing stimulus size decreased the
contrast required for detection and that increasing the adaptation luminance decreased the required
contrast. Blackwell’s data are important in a basic research sense, but are not readily applicable to
the problems of legibility or readability of electronically displayed information. In fact, many
studies performed using CRTs, and interested in absolute or difference thresholds, may not be
useful in prediction of legibility or reading performance (Gould, 1968).

Stocker (1964) attempted to build on Blackwell’s data and to extend these threshold findings
to electronic display applications. Stocker increased contrast to values well above those obtainable
on CRTs and found that reading speed continued to increase. Howell and Kraft (1959), however,
simulated CRT characters and found there to be little increase in character legibility when
luminance modulation was increased from 0.86 to 0.95. Thus, Howell and Kraft recommended
modulation values of 0.94 as desirable and 0.88 as acceptable if characters are greater than 16
arcminutes and are well focused. Snyder and Maddox (1978), using a high resolution storage CRT
to simulate matrix addressed displays, found that legibility is reduced when modulation falls below

0.90 for non-contextual situations and below 0.75 for contextual.



Several studies have shown that modulation levels fall well below the acceptable range of 0.75
to 0.95 when only moderately high levels of diffuse ambient illumination are present and the CRT
does not have a contrast enhancement filter attached (Hunter, Pigion, Bowers, and Snyder, 1987;
Hunter, Reger, Farley, and Snyder, 1986; Morse, 1985). In fact, Hunter et al. (1987) found that
modulation could fall to as low as 0.34 with only 530 Ix of diffuse ambient illuminance and down
to 0.12 when a 530 Ix specular source was presented. Clearly, legibility at these levels should be
severely degraded if the research cited above (Howell and Kraft, 1959; Snyder and Maddox, 1978)
is accurate.

Front-surface reflection. While the loss of contrast at the phosphor surface is certainly a
critical problem, the reflectance of glare sources by the face of the CRT may be equally important.
Here, the 4% reflection at the air-to-glass interface makes most moderately intense objects in the
user’s environment easily detectable. Highly intense objects (i.e., light fixtures, unshaded windows,
white shirts) can mask the displayed information completely due to the loss of contrast created by
the “veiling” reflected image formed at the surface of the display. To compound this problem,
conventional CRTs are designed so that their phosphor plane and faceplate are convex. This
convexity serves to accept and reflect into the user’s eyes a much greater glare source area than if
the display were flat or slightly concave (flat panel display technologies and flat-tension shadow

mask CRTs have this advantage).

Additional problems can arise with the presence of front surface reflections. These reflected
images are formed at optical distances other than that from the user’s eyes to the displayed infor-
mation or phosphor plane. If the reflected image is clearly defined, highly patterned, or very lu-
minous it has been theorized that the visual system will continually fluctuate in focus between the
displayed information and the reflected image (Bauer, Bonacker, and Cavonius, 1981; Brown et al.,
1982; Campbell and Durden, 1983; Snyder, 1984). It should be noted that performance decrements,
visual fatigue or irritation, and short-term visual impairment due to this phenomenon have yet to

be experimentally supported.



Some have suggested that a phototropic fixation response may occur if the reflection is intense,
off to one side, and the user looks directly at the image, this leading to transient adaptation prob-
lems (DeBoer, 1977). Others have noted the possibility that the reflected images are capable of
inducing binocular rivalry and binocular fusion problems (Reitmaier, 1979). Snyder (1984) sum-
marizes the issue well when he writes “while such relationships have yet to be supported exper-
imentally, there is no question that focused glare sources are at best annoying and distracting, and

at worst may cause visual fatigue.” (p. 299)

Contrast Enhancement Methods

Undoubtedly the most effective and intuitively simple method to maintain high levels of dis-
played contrast is to reduce the ambient illumination present in the viewing environment. Snyder
(1984) reports that ambient levels of about 200 Ix are generally acceptable for the use of unfiltered
CRTs, but that these levels are considered inadequate for viewing hard copy. Individuals with low
vision or ocular opacities would be especially affected. Stammerjohn, Smith, and Cohen (1981)
state that while the American National Standards Institute (ANSI, 1973) recommends levels of
about 300-500 Ix for workplaces with VDTS, the great majority of office environments with VDTs
have values that range from 500-700 1x. Further, ANSI recommends ambient levels of about
750-1600 Ix for environments where much of the work is being performed with hard copy. Re-
cently, however, ANSI (1988) has revised these levels to 200-500 Ix for average workplaces with
CRTs, and to greater than 500 Ix if poor quality hardcopy or high luminance displays are used.
Still, if illumination is reduced to a level where unfiltered CRTs can be used, then it is clear that
some source of local task lighting will be ordinarilly be required. If this solution is not feasible, a
contrast enhancement treatment can be applied to the display terminal.

Neutral density filters. A neutral density filter consists of a piece of glass, plastic, or gelatin
material that has the property of absorbing equal amounts of light at each wavelength across the
visible spectrum. Thus, the addition of the perfect neutral density filter will not alter the chromatic
content of the displayed image. In reality, most inexpensive neutral density filters do not have a

uniform transmittance spectrum, often tending to lose some of their absorption properties at either



extreme of the visual spectrum. This minor nonuniformity is not usually critical except where color
displays are being used and true chromatic rendition is important. The neutral density filter works
as a contrast enhancer when placed in front of the phosphor plane of a CRT by causing any am-
bient light to pass through the absorption layer twice, while the displayed or emitted light will pass
through the filter only once before reaching the operator’s eye (Figure 1). Thus, by definition, any
filter with reduced transmission will increase the contrast of the displayed information when ambi-
ent illumination is present. It also follows that filters with the least transmittance will increase

contrast the greatest.

A problem with reduced transmission filters is that as their density is increased, the luminance
of the displayed information is also reduced. If the CRT must serve double duty in both high and
low ambient conditions, this reduction in displayed luminance may not be desirable. Another dis-
advantage that accompanies the use of neutral density filters is that unless they possess some anti-
reflection treatment, they may actually increase the user’s perception of the reflected image. For
example, an untreated glass neutral density filter will still have a front surface with about 4%
reflectance (the same as the CRT's faceplate), but because the contrast enhancement properties of
the filter will reduce the background luminance of the CRT, any reflected image will be of increased
contrast and may be more detectable.

Micromesh filters. Micromesh filters are composed of arrays of fine, black tubes that serve
to not only enhance contrast because of their reduced transmissions, but to also scatter and diffuse
reflections at the CRT’s faceplate (Cakir et al., 1980). These filters can be designed so that their
rows and columns of tubes can be oriented vertically and horizontally or diagonally. Reduced
transmission is achieved through increasing the density or spatial frequency of the mesh (i.e., the
higher the spatial frequency, the lower the transmission). While micromesh filters are able to en-
hance displayed contrast and reduce specular reflections simultaneously, they possess a number of

undesirable characteristics as well.

First, because the mesh filters are composed of elements of some fixed spatial frequency, it is

possible that interference or Moire patterns will be created when the filter is placed over the display.
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Figure 1. Contrast enhancement through the use of reduced transmission filters.




Particularly susceptible to this phenomenon are color CRTs that have a delta gun shadow mask
with a fixed spatial frequency of its own. These Moire patterns have not been shown exper-
imentally to degrade visual performance, but they can be annoying and distracting; certainly, they
degrade perceived image quality.

Another disadvantage encountered with the use of micromesh filters is that viewing angles are
drastically reduced, limiting the application when multiple operators or off-axis viewing are neces-
sary. With increasing angles from normal, the mesh progressively occludes more and more of the
displayed ix;formation due to the fact that the line of sight is tangential across the mesh rather than
orthogonal to it. A final drawback with use of the mesh is the same as reported for the neutral
density filter; increasing levels of contrast enhancement are achieved through increasing the spatial

frequency of the mesh and thereby reducing the luminance of the displayed information.

Antireflection Treatments

Chemical or mechanical etching. One of the most frequently used methods for reducing the
spatial frequency content and intensity of first surface reflections is the etching of the CRT’s surface
through caustic chemical application or mechanical abrasion. The surface of the faceplate is
roughened so that incident light is diffused or scattered in a wide pattern. Thus, the sharpness or
spatial frequency of the reflected image is defocused and the intensity of the image is reduced due
to the scattering. Cakir et al. (1980) report that etched glass is normally reduced in reflectivity from
four percent to about two percent or less. The degree of etch can be varied from fine treatments

that still appear quite specular to harsh treatments where nearly all specular glare is eliminated.

Etches that are the most effective in reducing environmental reflection carry with them nu-
merous trade-offs. First, while the etch is designed to scatter incident light, the roughness of the
surface also diffuses the light being emitted from the display. Not only does this effect reduce the

luminance of the displayed information, but it also tends to make it appear defocused. This defo-
cusing will expand the width of the already-Gaussian spot found on the CRT and will make each
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spot physically larger (Hunter et al., 1986; Hunter et al., 1987). Clearly, if one of the goals of the
display system is to maintain high image resolution, then the use of all but the most mild etches
must be viewed with caution. Losses of nearly 30% in character luminance combined with the
accompanying degradations in resolution have been found (Hunter et al., 1986). Additionally, in-
creasing the thickness or distance between the phosphor plane and the CRT’s front surface serve
to only accentuate these problems (Sach, 1970). Uniformity across the CRT and replication of the
desired degree of etch from one application to the next are problems with the technology that need

to be resolved.

While the etched surface can be extremely effective in eliminating the specular content of the
reflected image, it does so by merely redistributing the incident light. This redistribution can be-
come problematic when high levels of incident light are scattered or spread out over the surface of
the CRT and create a “veil” through which the displayed information must be viewed. Thus, while
the etch will reduce the clarity and luminance of the specular reflection, it creates its own diffuse
reflections that have undesirable effects on the operator’s perception of the image.

Micromesh filters. Mesh filters reduce specular reflection through the same means that they
enhance contrast. The fine, black tubes that make up the mesh serve to absorb and scatter a good
deal of the incident specular reflection. Much of the incident light that does make it past the mesh
and is reflected off the CRT’s front surface will be absorbed or scattered by the tubes as it passes
through the mesh the second time. Especially effective in reducing specular reflection are those
filters composed of the higher spatial frequency meshes. However, the inherent loss of character
luminance, the possible interference or Moire patterns, the dust and lint that collect on the filter,
and the possiblity that the physical structure of the mesh may affect perceived image quality all
must be weighed against the positive characteristics of the device.

Quarterwave coatings. Certainly, one of the most effective techniques available with which
to reduce specular reflection while showing little if any loss in displayed resolution is that of ap-
plying a thin-film quarterwave coating. As its name implies, this coating consists of a film com-
prised of a single or multiple layers of transparent materials that have indices of refraction making

the step from air to glass more gradual. As the incident light travels through the thin-film filter and
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is reflected off the glass substrate, the quarterwave thickness of the filter layer sets up an interference
pattern at the air-to-filter interface. Effectively, the reflected light wave will interfere with the in-
coming incident light wave, the two cancelling each other and becoming imperceptable to the ob-

server.

These thin films can be either sputter or vacuum deposited on glass substrates that are later
bonded to the CRT with optical cement. This bonding is a permanent process that ordinarily will
require replacement of the display should the filter be damaged to an extent that the im