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(ABSTRACT)

L„This research effort was directed at the development of legibility prediction models for flat-panel

electronic displays used under typical office illumination (i.e., fluorescent) and various phases of

daylight illumination. The models are intended to permit the manipulation of candidate display

technologies and pertinent display characteristics such that legibility is maximized with respect to

specified viewing conditions. Further, the legibility prediction models are intended to serve as an

aid to the display designer in the intelligent selection of a display device for a known application.

Critical legibility parameters were identified and relevant display measurement techniques were

developed. A multiple degree of freedom daylight simulation apparatus capable of simulating the

desired office and daylight illumination was designed and constructed. Reading speed performance

data was collected from 14 subjects representative of both an age 18 to 30 group and an age 50 to

70 group. Each subject performed a numeral identification task using seven candidate flat-panel

display technologies under 120 different symbol subtense/illumination/viewing angle arrangemcnts.

In addition, complete display characterization through microphotometric and microradiometric

measurements was conducted for the seven flat-panel technologies under each of the viewing con-

ditions.

The results of the experiment revealed significant differences and complex interactions among

the display technologies and viewing conditions which provided an excellent basis for the develop-

ment of legibility prediction models. Extensive regression analyses were performed in which the

human performance data was compared to both the critical legibility parameters and the display



characterization measurements. Multiple sets of technology-based legibility prediction equations

were successfully derived for each age group along with a generalized flat-panel display legibility

prediction model.

The models developed permit the evaluation and comparison of candidate display devices based
_

on predicted reading speed as an indicant of legibility for a specified viewing environment. The

required display characterization measurements can be collected in the field or under sirnulated

conditions using commercially available hand-held measurement devices. In the absence of specific

measures, careful estimation through comparison with similar display measurements contained in

this report may be acceptable for certain applications.

In their final form, the legibility prediction models serve as an aid in the evaluation and selection

of electronic displays for a known application. In addition, the generalized legibility prediction

equation developed holds the potential for application to other similar display technologies beyond

those flat-panel candidates exarnined in the present study. Further, use of the models may permit

the evaluation of new displays and display concepts without the immediate need for purchase,

prototype construction, or complicated simulation.
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INTRODUCTION .

Due to the teclmological and display manufacturing advances over the past 20 years, a relatively

large number of electronic flat·panel display technologies have secured a position in today’s mar-

ketplace as viable and competitive information display systems. Although the cathode ray tube
l

(CRT) remains the display workhorse in most office environments, flat-panel displays offer many

attractive features under varying environmental conditions (e.g., indoors and outdoors) for simple

alphanumeric information demands. Representative flat—panel display technologies include both

emissive and nonemissive displays ranging from plasma panels, light emitting diodes (LED), and
l

vacuum fluorescent displays (VFD), to various forms of liquid-crystal display (LCD) technology.

i
The increase ir1 the types of display technologies available has, in turn, placed increased emphasis

on (and further complicated) the display selection process. As a result, when faced with the se-

lection of an appropriate display device for a known application, today’s display designer or system

engineer must consider numerous candidate displays armed with only a few, general criteria and

both complicated and conflicting guidelines for the selection process. What is distinctly lacking and

clearly needed is a simple, performance-based metric or "measuring stick" to aid in the intelligent

selection of a display device for a known application.

At present, no such ”measuring stick" or metric exists. In fact, over the past 30 years, investi-

gations concentrating on legibility have met with only marginal to moderate success in the area of

performance-based predictive equations and metrics of legibility. Unfortunately, most of the past

research in display readability and legibility is of limited applicability to a real-world, outdoor setting

since the majority of investigations were focused on CRT displays viewed under optimized viewing

conditions. Such fmdings do not readily apply to all display technologies and the wide variety of

viewing conditions possible both in the office environment and under daylight conditions.

It would be of significant benefit to display designers if there were some simple and widely ap-

plicable method for predicting the legibility associated with different electronic display technologies

l
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dependent on display characteristics and the viewing conditions. Such a metric or model would

enable designers to adjust the relevant display and environmental parameters until a suitable match

to a desired criterion of legibilty was achieved. The research effort described in this document di-

rectly addressed the development of such a legibility prediction model.

The proposed prediction model is intended to perrnit the display designer to proceed from a set

of descriptive display characteristics and viewing conditions, through the evaluation of candidate

displays, to the selection of the display device best suited to the given application based on predicted

user performance (i.e., reading speed or identification accuracy) as an indicant of legibility. On the

other hand, a desired level of legbility may be specified first and then, using the prediction model,

the various display and symbol characteristics, along with the viewing conditions, could be adjusted

to reach the desired target or legibility criterion. Hopefully, within some limitations and constraints, p'

the predictive model may generalize to an extended variety of display technologies and range of

viewing conditions greater than those exarnined in this research.

APPROACH

The first step ir1 the development of the proposed legibility model was to identify the appropriate

parameters and criteria critical to good legibility. This was accomplished through an extensive ex-

amination and analytical summary of the past legibility research. The primary purpose of this an-

alytical effort was to identify and select appropriate display, observer, and envirorrrnental factors

which affected legibility. The most critical of these factors would serve as independent variables in

a performance·based experiment. In addition, specific factors would be used as regressors in the

derivation of the legibility prediction model. The results of this analytical summary are provided

in the section entitled Past Research on Display Legibility.

The second step of the approach required the accumulation of information critical to an

understanding of natural daylight and the complexities involved in attempting to simulate it. This

information is provided in the section on Daylight and Daylight Simulation along with a discussion
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regarding appropriate techniques for the simulation of daylight in an experimental setting. The

third step in the approach required the identification of appropriate measures and techniques for

the complete display/symbol characterization of candidate display technologies. This involved a

comparison of the selected legibility pararneters with specific attributes of display design identified

as critical to legibility. The display characterization effort involved the use of rnicrophotometric and
I

microradiometric measurement systems in the accumulation of desired display/image quality

measures. These measures would also serve as regressor variables in the prediction model-building

phase. This information, along with a discussion of relevant concems regarding human vision, is

provided in the section on Vision and Image Quality.

The remainder of this research effort concentrated on the collection and analysis of human

performance data to be used in the derivation of legibility prediction models for flat-panel displays.

The prediction models are to take the following form:

L=ßo+ß1x1 +ß2x2+ß3x3 +"°+ß„xn (1)

where L is legibility (as measured indirectly by a performance measure); ß„ is an intercept;

/3,, ßz, ,8,, ß„ are weighting coefficients; and x,, xz, x,, x,, are environmental and display vari-

able quantities.

The derivation of the above legibility prediction equation(s) is intended to provide display de-

signers and display system engineers with the capability to determine the degree of legibility asso-

ciated with a particular flat-panel display device for a known viewing environment. Calculation of

the predicted legibility is accomplished through the measurement or specification of relevant display

attributes and environmental factors (e.g., symbol subtense, lurninance modulation, symbol stroke

width, arnbient illumination, etc.). In this way, the prediction model(s) could serve as an aid in the

evaluation and selection of display devices assuring adequate legibility for a desired application.

Further, the development of a generalized prediction model (i.e., one that predicts legibility across

a variety of different display technologies) may assist in the initial evaluation of new displays and



display concepts without the immediate need for actual construction (protoypes), purchase, or

complicated simulation. ·

CONSTRAINTS

This research effort is constrained to the display of numeric information on flat-panel technol-

ogies under ambient illumination conditions that range from typical indoor/ofiice (fluorescent)

lighting through varying intensities and chromaticities of natural daylight up to a maximum inten-

sity of 100 klx. Additional constraints include: (1) the candidate display devices include represen-

tatives of both emissive and nonemissive technologies, (2) the viewing geometry includes extended

viewing distances up to 3.05 m with horizontal viewing angles up to 45 deg offnormal to the display

and vertical viewing angles up to 15 deg off normal (above and below horizontal), and (3) a target

user population representative of the untrained public, male and female, ranging in age and visual

capabilities.

The above constraints regarding the relevant viewing geometry specify a three-dimensional ob-

servation space within which the proposed legibility prediciton models will provide prediction. A11

illustration of this three·dirnensional viewing space extending from a display area is provided in

Figure l.
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Figure l. Illustration of the three·dimensional viewing space extending from a display area.
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PAST RESEARCH ON DISPLAY LEGIBILITY

A vast amount of literature and past research describe the effects of various display parameters

on legibility. Fortunately, several good summaries serve to identify many of the critical variables

associated with legibility (Buckler, 1977; Comog and Rose, 1967; Gould, 1968; Ketchel and Jenny,

_

1968; Semple, Heapy, Conway, and Bumette, 1971; Shurtleff, 1980; Smith, 1979;- Snyder and

Maddox, 1978; Snyder and Taylor, 1979). Unfortunately, a clear specification of the relationship(s)

among the legibility variables considered critical does not exist. ln addition, the above summaries,

and legibility studies in general, have provided no strong consensus regarding recommendations for

legibilitycriteria.This

section presents the results of an analytical summary of the best possible available infor-

mation based on the existing literature, past research, and the scientific data base at this time. In

general, an effort was made to remain open to any source of data which might contribute to general

recommendations and an irnproved understanding of the issues surrounding display legibility. Any

uncertainties due to lack of information in the literature are defmed and estirnated limitations re-

garding the critical pararneters of interest were determined.

The analytical summary involved the following steps: (1) determination of the critical legibility

display and performance measures, (2) an extensive examination, study by study, serving to sum-

marize the results and recommendations from a wide variety of investigations, and (3) the devel-

opment of general legibility criteria based on a synthesis of the past research. In effect, the resultant

surmnary represents a generalized quantitative analysis of the various experimental lindings associ-

ated with the effects of the selected primary display variables on observer performance measures.

As pointed out in the Introduction, the major portion of past legibility research has concentrated

on raster-scan display technology and on the optimization of the CRT display for a workstation-

like environment (i.e., viewing distances less than 1 m and ambient illumination intensities less than

500 lx. Some of the past research has focused on stroke characters, while many recent studies have

1
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investigated dot matrix characters. Both bodies of research were considered during the review of

available literature since essentially the same legibility parameters are involved. It was decided that

a careful integration of the various research results, data, and recommendations would generalize,

within limitations, to flat-panel displays and thus were relevant to the present research effort.

CRITICAL LEGIBILITY PARAMETERS

The first step in the analytical effort to summarize the available literature on legibility was to

identify the critical parameters associated with good legibility. Based upon numerous experimental

investigations, the critical legibility parameters were divided into two groups: display variables and

observer performance measures. The selection of relevant parameters from each group was handled

separately and is described below.

Display Variabler

Gould (1968) summarized many of the important variables in CRT display design, which in-
C

cluded display luminance, symbol subtense, luminance contrast, resolution, chromaticity, and re-

fresh rate. Snyder and Maddox (1978) deterrnined that symbol subtense, luminance, and viewing

distance had consistent and statistically significant effects upon the legibility of dot·matrix alpha-

numeric characters at viewing distances greater than 1.5 m. At lesser distances, these parameters

had little effect. Across all of the response measures investigated, symbol subtense accounted for

the greatest percentage of variance. For the recognition (identification) accuracy response measure,

symbol subtense accounted for nearly five times more variance than luminance. l

_ Vanderkolk, Herman, and Hershberger (1975), as cited by Snyder and Maddox (1978), deter-

mined that the display parameters which had signilicant effects on legibility included symbol defi-

nition, surround luminance, luminance contrast, and symbol subtense. Shurtleff and Wuersch

(1979) have stated that the two most important parameters, in terms of their effects on an observer’s
l

ability to identify symbols, are symbol subtense and luminance contrast.
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Shurtleff (1980) identified the most important ar1d well understood classical display design factors

(i.e., those studied throughout the history of legibility) as display luminance, luminance contrast

ratio, symbol height (subtended visual angle), symbol width (percent of symbol height), stroke

width-to-height ratio, color, font, and horizontal spacing (percent of symbol height). _

Based upon the review and general consensus of these legibility surnmaries, the following pri-

mary display variables of interest were selected: symbol subtense, luminance modulation (contrast),

stroke width-to-height ratio, color, symbol font, and horizontal spacing (percent of symbol height).

It was determined that consideration of the issues regarding symbol luminance, intensity ofambient

illumination, and direction of contrast could be incorporated into the variable of luminance mod-

ulation.

Pedormance Measures

The next step involved the identification of the performance or response measure(s) most sen-
l

sitive to legibility and the effects of the primary display variables selected above. A wide assortment

of response measures has been used throughout various legibility studies (see Comog and Rose,

1967). The most cornmonly used response measures in legibility research include threshold visi-

bility, reading speed (the reciprocal of reading time in seconds), percent correct (identification ac-

curacy), and rate of identification. Of these four, the performance measures repeatedly used and

most often reported in the majority of legibility studies reviewed are reading speed and symbol

identification accuracy.

Snyder and Taylor (1979) evaluated the sensitivity of four observer response measures (recog-

nition accuracy, reading time, tachistoscopic recognition accuracy, and threshold visibility) to vari-

ations in the size and luminance of alphanumeric characters. Recognition accuracy (i.e., percent

correctly identified) was found to be the response measure most sensitive to differences in symbol .

subtense and luminance. However, reading time (i.e., response time) and recognition accuracy were

found to be (negatively) highly correlated with a product-moment intercorrelation of -0.97. This

8



relationship indicates a reduction in reading time with improved legibility. In addition, this re-

lationship exemplifies the strong parallelism between these two performance measures.

The performance measures of reading speed and identification accuracy are not only supported

as two of the most sensitive but also two of the most frequently reported. In light of the present

application, namely the discrimination of multi-digit numerals, either performance measure could

be selected as the most relevant. The possible distinction between the two measures is dependent

on the nature and type of task required of the observer. Reading speed may prove to be a more

meaningful measure under conditions which typically yield high accuracy. As a result, in reviewing

the literature, an effort was made to concentrate on the effects of the display variables selected in

terms of how both reading speed and percent identification accuracy were affected.

Definitions

There is a variety of defmitions of the many terms and concepts present in the legibility literature.

Having identified the critical legibility parameters of interest, accurate definition of these terms and

concepts is warranted.

Legibility. Legibility refers to the attributes or characteristics of printed, written, or other dis-

played meaningful symbolic material which determine the speed and accuracy with which the ma-

terial may be read or identified (Comog and Rose, 1967).

Reading speed. Reading speed (RS) is defined as the reciprocal of reading (or response) time.

Reading time (RT) measures the time which the observer requires to respond correctly to an al-

phanumeric symbol or string of symbols. This performance measure typically begins with the

presentation of the symbol or symbols and ends with the obsexver’s overt recognition response

(Snyder and Maddox, 1978).
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Identäication Accuracy. Identification accuracy (ACC) is defined as the proportion of correct

responses that an observer makes when viewing randomly presented alphanumeric (or other) sym-

bols displayed at a prescribed viewing distance (Snyder and Maddox, 1978).

Symbol subtense. Symbol subtense is best measured in minutes of visual arc of symbol subtense.

The general equation to determine symbol subtense is:

um a = lg (2)

where a is minutes of visual arc, H is symbol height, and D is distance from the observer.

Lumirzance modulation. The relationship between symbol and background luminance can be

expressed in terms of luminance modulation. The general equation for luminance modulation (M)

is:

M = (Lmax — Lmm) (3)
(Lmax

+whereLM, is the symbol or background luminance, whichever is greater, and L„,„, is the lesser

luminance. Luminance is measured in units of candelas per square meter, also referred to as nits.

Color. In this research effort, the color of a symbol or background is specified in either CIE

1931 (x,y) or 1976 (u’,v’) chromaticity coordinates. Use of the CIE two-dimensional coordinate

system perrnits the chromatic nature of a stimulus to be specified in a concise standardized form.

The CIE 1931 (x,y) chromaticity diagram is illustrated in Figure 2.

Stroke width- to-height ratio. Stroke width—to-height ratio is defined as the ratio of the thickness

of the stroke to the height of the symbol (letter or numeral). Stroke width is simply the measured

thickness of the stroke (or element) of the symbol.

10
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Symbolfont. Font typically refers to the style or shape of a symbol set. In the present research,

the concept of symbol font will also include whether the numeral symbol set is segmented, stroke,

slanted, or upright.

Horizontal spacing. Horizontal spacing is defined in terms of percent symbol height and re-
E

presents the horizontal distance between adjacent outer boundaries of numerals.

Since this research effort was focused on aspects of legibility (i.e., discriminability) rather than

readability, a final distinction between legibility and readability is important. Readability refers to

the quality that makes possible the recognition of the informational content of material when re-

presented by alphanumeric characters in meaningful groupings, such as words, sentences, or con-
A

tinuous text (McCorrnick and Sanders, 1982). Although the displayed information of concem is

numeric, with little interdependency or correlation between adjacent numerals, it is pointed out that

numerals or letters with high legibility generally yield high readability, though not necessarily vice

versa.

PAST LEGIBILITY RESEARCH

This presentation of past research in display legibility is separated into two main sections: l
Monochromatic Displays and Chromatic Displays. The first section, Monochromatic Displays,

begins with a discussion emphasizing the relationship among symbol subtense, lurninance modu-

lation, direction of contrast, stroke width-to-height ratio, and horizontal symbol spacing. The re-

mainder of the section presents research addressing such issues as arnbient illumination, concems

regarding display surround effects, legibility and numerals, and off-axis viewing. In general, the in-

formation presented in this section includes research which generalizes to monochromatic or any

single-color display. Specifically, these experirnents did not include the color of the symbol set

under investigation as an independent variable; that is, there was no color contrast or color coding

of the display. In this way, the results and recommendations from this body of research can be

applied to monochromatic displays in general.
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In the second section, Chromatic Displays, color contrast is discussed along with several ex-

perirnents which involved the color of the symbol set as an independent variable. Generalizations

from this research can be applied to chromatic displays and instances in which symbol color and

color contrast are considered to affect legibility. _

Monochromazic Displays

Many legibility experiments have concentrated on three main display variables and the com-

plicated interactions that exist among them: vertical symbol subtense, luminance modulation (M),

and stroke width-to-height ratio. A brief description of some of the studies and relevant results is

presented along with some general recommendations that appear in the literature.
l

Crook, Hanson, and Weisz (1954b) investigated the effects of symbol subtense, M, stroke

width-to-height ratio, and symbol spacing on the legibility of type found on aeronautical charts

under very low (0.88 lx) ambient illumination. For the dependent measure ACC, a stroke width-

to-height ratio of 20% was best for all conditions tested. At least 22 minutes of visual arc were

required to maintain an ACC of 98% or greater with an M of at least 0.82. At 16 minutes of arc,

ACC began to degrade when the M dropped to about 0.71, and continued to degrade to less than

76% ACC with ll minutes of visual arc. ‘

Howell and Kraft (1959) exarnined the effects of symbol subtense, M, and blur on the legibility

of Mackworth alphanumerics. Their results indicated that 26.8 minutes of visual arc were required

to maintain at least 97% ACC with an M of 0.95. At 16.4 minutes of arc, performance began to

degrade, especially for the lower M of 0.85, and rapidly deteriorated to approximately 50% ACC

with 6 minutes of visual arc.

Seibert, Kasten, and Potter (1959) investigated the effects of symbol subtense, viewing distance,

viewing angle, and direction of contrast on ACC. As transforrned by Shurtleff (1966a, 1966b),

Seibert’s data showed a rapid decrease from 97% ACC for visual angles smaller than 15 minutes

13



of arc. Elias, Snadowsky, and Rizy (1964) studied the effect of nine values of symbol resolution

on ACC with a high resolution television (CRT) system. Results showed that with a visual size

of 24 minutes of arc and an M of 0.71, ACC of at least 98% was achieved with symbol resolution

ranging from 7 to ll lines per symbol height.

Shurtleff, Marsetta, and Showman (1966) investigated the effects on threshold of symbol iden-

tification for two alphanumeric fonts and televised symbol resolutions of 10, 8, and 6 lines per

symbol height. The measure of legibility was the visual angle subtended by the symbol height re-

quired to achieve 99% ACC. With an M of 0.8, 10 lines of resolution required a visual size of 13.25

minutes of arc, 8 lines required about 14 minutes of arc, and 6 lines about 33 minutes of arc. ln

addition, vertical symbol subtense in minutes ofarc to maintain 99% ACC for off-axis viewing were

estimated: with sufficient resolution (10 lines), a symbol of 20 minutes of arc viewed normal to the

display (i.e., at a 90-deg viewing angle) needed to be increased to 36 minutes of arc for a 45-deg

off·axis viewing angle.

Giddings (1972) performed a legibility study that involved CRT alphanumerics which subtended

angles of 28, 21, 18, 14, and 7 minutes of visual arc at a mean M of 0.82. Giddings found that

legibility decreased with small symbol subtense and that the optirnum symbol subtense at a viewing

distance of 75 mm was 17.8 minutes of arc for words and 21.4 minutes of arc for digits.

Based upon the results from a variety of legibility studies, Shurtleff (1980) provides some rec-

ommendations for general display considerations: a minimum luminance modulation of 0.89, a re-

commended range of symbol subtense from 10 to 37 minutes of arc, and a stroke width-to—height

ratio of 20% or 17%.

Luminance modulation. The generally accepted industrial standard for luminance modulation

(M) is 0.82. Buckler’s (1977) recommendations for M ranged from 0.79 to 0.82, with the added

reminder that higher modulation generally improves legibility, especially under high ambient illu-
V

mination. However, based upon three legibility studies (Crook, Hanson, and Weisz, 1954a; Howell
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and Kraft, 1959; and Shurtleff and Wuersch, 1979) which examined a combined range of Ms from
l

0.33 to 0.95, Shurtleff (1980) points out that it is not possible to determine a minimum M with a

high degree of confidence. However, he states that an M as low as 0.33 can be acceptable with a

symbol luminance of about 35 nits or greater and symbol subtense of 10 minutes of visual arc or

greater. This recornmendation appears to assume a fairly low level of ambient illumination. Fur-

ther, when symbol luminance is very low (i.e., in the range of 0.035 to 0.35 nits), the minimum M

must increase to 0.67 with a symbol subtense of 20 minutes of arc or more. For a symbol subtense

less than 20 minutes of arc, the minimum M must be increased to 0.89 if a high level of ACC is

desired. As a further qualification, Shurtleff states that an acceptable value of M assumes that the

general display surround luminance matches or varies by only 33% of that for the symbol or

background, whichever is of higher luminance. Shurt1eff’s most important finding is that equal

modulation values do not yield equal legibility.

Direction of contrast. Berger (1944) provided early evidence that numerals with a stroke

- width-to-height ratio of 20% showed no signiiicant differences between positive and negative con-

trast conditions. Kelly (1960) investigated the effects of direction of contrast and intensity of am-

bient illumination on legibility. The results showed a progressive degradation in ACC for both

positive and negative contrast as ambient illumination increased. Comparing the low (0.32 lx) and

high (6869 lx) ambient illumination conditions, ACC decreased from 93% to 66% for positive

contrast, and from 88% to 73% for negative contrast.

Seibert et al. (1959) and Seibert (1964) included comparisons of direction of contrast and ACC.

One study showed higher identification accuracy with negative contrast (70.9% versus 66.3%) while

the other showed the reverse. In both studies, the differences were small. Bauer and Cavonius

(1980) studied the effects of positive and negative contrast on a letter identification task using a

television terminal (capable of 50 or 100 Hz). The identification error rate for the high luminance

background/negative contrast condition was 26% less than the low luminance background/positive

contrast condition. -

u
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Shurtleff (1980) states that no experimental evidence is available to fimily support one direction

of contrast as superior to the other. In general, his recommendation is that as long as the recom-

mended criteria are met regarding symbol subtense, M, stroke width, etc., the direction of contrast

is arbitrary and not important.
U

Stroke width-to-height ratio. Sherr (1970) recommends a minimum stroke width-to-height ratio

of 14% while Buckler (1977) recommends a range from 10% to 17%. Crook et al. (1954b) de-

termined that a stroke width-to-height ratio of 20% was best for the conditions tested. Semple et

al. (1971) concluded that ratios from about 14% to 20% were best based upon the results from a

collection of studies. Shurtleff (1980) recommends that for high ACC at an M of 0.89, a wider
I

range of stroke width-to-height ratios is possible: from 10% to 25%. At low Ms (e.g., 0.67), the

selection of stroke width is more critical, with recommended values ir1 the range of 20% to 17% ·

(Crook et al., 1954b).

In summary, recommendations by Shurtleff (1980) state that the minimum acceptable M is a

function of the symbol/display luminance and the visual subtense of the symbols. However, with

the provision of an M of at least 0.89, wide variations in symbol subtense and stroke width are

possible.

Horizontal spacing. Buckler (1977) recommends symbol spacing values between 26% and 63%

of symbol height. The results of Crook et al. (1954b) and Shurtleff and Alexander (1972) indicate

that, under optimum conditions, horizontal spacing Call be as close as 10% to 15% of symbol

height with no loss in ACC. However, under non-optimal conditions (i.e., narrow symbol width,

low luminance, and extreme off-axis viewing of 45 deg or more), Shurtlcff (1980) recommends a

minimum horizontal spacing of 25% with suggestions for up to 50% of symbol height.

Ambient illumination. The amount of research investigating the effects of arnbient illumination

on legibility is inadequate and of limited utility in the present application. Nontheless, the following

4
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discussion presents experimental results from several studies that included the level of ambient il-

lumination along with display type as independent variables.

Duncan and Konz (1974) examined the effect of relatively moderate levels of ambient illumi-

nation (16, 161, and 484 lx) on legibility associated with two LCDs (a reflective and a transrnissive)
l

and three LEDs (two seven-segment and a hexadecimal). The results, with regard to the effects of

ambient illumination level, indicated that as the intensity of illumination increased, the preference

for the reflective LCD increased significantly and the preference for the LED displays decreased

significantly. These results correlate highly with the contrast resulting from the several conditions.

Simpson (1971) investigated the legibility associated with three common digital display types

(cold cathode, side-illurnination, and straight-projection) at three levels of ambient illumination

(108, 237, and 404 lx) and three viewing angles (normal to the display, and off-axis angles of plus-

and-minus 50—deg). While no signilicant differences were found based on viewing position, the

side·illurr1ination display was significantly less legible than the other two devices, with the straight-

projection display marginally more legible than the cold cathode. The best legibility always oc-

curred at the 108 lx intensity of ambient illumination.

Knowles and Wulfeck (1972) investigated the performance of a self-paced gap detection task

with four CRTs (one normal and three experimental high-contrast) in the presence of four levels

of ambient illumination (approximately 1, ll, 54, and 107 klx) at two angles of incidence (30 and

60 deg) and two viewing positions (normal and 45 deg). Aside from the detexmination of reflectance

values for the particular displays involved, the results indicated that none of the displays completely

"washed out" under the 107 klx intensity of illumination (i.e., gap-detection thresholds were deter-

mined) and, in general, visual performance was primarily a function of background luminance.

Payne (1983) examined error percentages for a numeral reading task on an LCD. Angle ofview,

symbol subtense, amount of back-light, and level of ambient illumination (20, 390, 760, 1130, and

1500 lx) were varied in the experiment. A regression equation describing the manipulated variables'
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respective contribution to error percentage was developed. Conclusions from the study, with regard

to LCDs, indicated that in order to minirnize errors, the display designer should (in order of prior-

ity) maxirnize symbol subtense, minirnize back-lighting, minirnize viewing angle, and maximize

ambient illumination intensities. . Y

The suggestion to minirnize back-lighting is considered misleading. Due to the mathematical

techniques employed in this study, it is possible that the sign of the weighting coefiicient for the

back-lighting variable is reversed. This would occur if multicollinearity existed among two (or

more) of the regressor variables (e.g., between back-lighting and intensity of ambient illumination).

Nonetheless, Payne’s fmal suggestion (p. 190) is:

lf a display designer is considering a display where legibility under low ambient light levels is an im-
portant feature, then it may be wise to include a control so that the subject can choose a level ofback
light, or to consider an alternative form of display technology, such as an LED.

In general, this is a reasonable suggestion especially if sufficient display/symbol luminance can be

attained with nonemissive display technologies under low ambient conditions. .

Spiker and Rogers (1984) measured the relative threshold legibility of a random-scan and

raster—scan CRT display under high ambient illumination (approximately 29, 54, and 107 klx). The

experimental task required the identification of the break in a Landholt ring (symbol color was

green on a black background). The results, based on the effects of M, revealed a statistically sig-

niticant irnprovement in threshold legibility from an M of 0.09 to an M of 0.167 for the raster-scan

display, and from an M of 0.09 to an M of 0.2 for the random—scan display. ln addition, the

threshold legibility was significantly greater for the random-scan display at both the 0.09 and 0.2

level of M.

Ellis, Burrell, Wharf, Hawkins, and Peters (1974) tested a red light ernitting diode (LED) display

at ambient illumination intensities of approximately 48, 64, and 79 klx and measured the error and

omission rates of 371 subjects. The primary task was a forced-pace identification task with random

characters presented in groups of four. The display was viewed from a distance of 0.75 m. The
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displayed characters subtended 14.4 minutes of arc with a stroke width—to-height ratio of approxi-

mately 9%. At the 79 klx illurnination intensity, the M was estirnated to be 0.11.

Although the experiment was not rigidly controlled, some general indications can be stated from

the results: (1) the error rate increased monotonically with the intensity of ambient illumination
A

(from 12.1% at 64 klx to 23.2% at 79 klx), and (2) in comparing the performance of older subjects

(i.e., 48 years of age and older) to younger subjects (ages up to 33 years of age) at the 79 klx in-

tensity of ambient illumination, the older subjects made more errors (nearly 60% versus approxi-

mately 20%) and had higher omission rates (35% versus less than 10%). As Ellis et al. (1974)

concluded, the older subjects not or1ly made more mistakes at the 79 klx illumination intensity, they

had more difiiculty in recognizing any of the characters at all.

Display surround. A concem relevant to the effects of ambient illumination on legibility is the

issue of display surround. The area surrounding an electronic display will reflect a portion of the

incident ambient illumination. This reflected light, perceived in the periphery of the eye, adversely

affects the adaptation state of the eye. These adverse effects result in a reduced ability to perceive

low contrast images when the display surround is appreciably higher than the average luminance

of the display.

As presented above, the effect of intense ambient illumination is to reduce displayed M. As
n

reported by Snyder and Maddox (1978, p. ll),

Carel (1965) showed that if the ambient illumination at the display is more than 10 times greater than
· the display’s background illuminance, and if the observer is adapted to this ambient illuminance level,

the symbol-to-display-background contrast ratios must be significantly greater than when the
ambient~to-display-background contrast ratio is less than 10.

In effect, this recornrnendation states that greater M is required between symbol and background

under conditions of high surround~to-display contrast ratio. This is an important consideration

with respect to the present research concems since intense ambient illumination and "spot" re-

flections of high luminance which affect the adaptative state of the eye are likely in outdoor settings.

In addition, the presence of the sun will seriously influence the adaptative state of the eye if located

anywhere within the field of view.
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Ireland (1967) reported a literature review containing 75 annotated references about the effects

of surround luminance on visual performance. From his review, the important parameters deter-

mining the visibility of a target, of a given angular subtense at the eye and centered on the display

background, are (1) target-to-background contrast, (2) background luminance, (3) background an- _

gular subtense (which determines target·to-surround separation), (4) surround-to-background

luminance modulation, and (5) surround angular subtense (which is important when the surround

does not extend to the outer limits of the visual field). Unfortunately, as Ireland concluded, the

results contained in the literature review are contradictory and not sufficiently comprehensive or

consistent to support quantitative generalizations.

Ireland, Kinslow, Levin, and Page (1967) performed an experiment which examined the effect
l

of surround luminance on contrast threshold. They used a Landolt ring target in the photopic

visual range and measured the detectable contrast threshold shift based on the displayzsuxround

luminance ratio. The results showed, as illustrated in Figure 3, that contrast threshold increased

significantly with decreases in the displayzsurround contrast ratio. A 31% increase in contrast

threshold occurred with a displayzsurround ratio of 1:10, and a 264% increase occurred with a ratio

of 1:100. Although Tannas (1985) has recommended that, for optimal reading, display luminance

should be equal to or greater than the surround, the data suggest that displayzsurround ratios from

1:2 to 10:1 are acceptable, with 2:1 to 3:1 as nominal values for minimum fatigue.

Lcgibility and numerals. This discussion on legibility and numerals concentrates on aspects of

numeral sets which include seven-segment versus stroke symbols, and slanted versus upright sym-

bols.

Chapanis, Gamer, and Morgan (1949) have stated that with regard to questions of legibility:

"Whenever single letters or numbers are used ..., the legibility problem becomes more diificult."

As mentioned earlier, Giddings (1972) determined that the optimum symbol subtense at a viewing

distance of 75 cm was 17.8 minutes of arc for words and 21.4 minutes of arc for digits. This indi-

cates a 20% increase in symbol subtense for numerals compared to alphamerics. It is important
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to remember that numerals represent a slightly different symbol set than words in that they do not

possess the contextual redundancy that words do.

Results of research examining the legibility associated with numerals have been summarized by _

Gibney (1967), Plath (1970), and Shurtleff (1966a, 1966b). In general, the results have been

equivocal. Some early investigations reported results which suggested that angular or symbolic

numerals were more legible than conventional/rounded figures (Foley, 1956; Hughes, 1961;

Lansdell, 1954). On the contrary, results from other studies support the use of conventional

digits/numerals (Alluisi and Martin, 1958; Atkinson, Crumley, and Willis, 1952).

E With regard to segmented versus conventional numerals, Gibney (1968) summarized the

equivocal nature of the past research by pointing out the following discrepancies in experimental

results. Woodson and Conover (1964) concluded that, in general, displays with segrnented nu-

merals suffer in terms of character legibility and are not recommended. Fuller (1965) indicated that

segmented numerals were superior to conventional numerals, Buschow (1966) found segmented

numerals to be infcrior, and Kershner and Avery (1965) concluded there was no difference between

segrnented and Arabic numerals.

Gibney (1968) pointed out that many of the experimental findings which suggest legibility dif-

ferences appear to be related to the laboratory method used (e.g., Woodson and Conover, (1964)

used short exposure times and a read and recall performance task). Gibney had obtained overall

results which supported the generalization that segmented numerals were less legible than Arabic.

However, the contributions to the significant differences were deterrnined to be a result of the short

exposure times and the use of simple response (measure) experiments. Gibney’s final conclusions

indicated that when exposure time is short, segmented numerals are not read as rapidly or accurately

as Arabic. On the other hand, as task complexity or allowable viewing time (exposure time),

orboth,are increased, measured legibility differences between segmented and Arabic numerals tended

to approach (and sometimes reach) zero. -

l
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Gibney (1967, 1968) concluded that segmented numerals were superior in legibility to other

forms of novel design (Lansdell, 1954), but generally are inferior to themore conventional design

of numerals. The work of Buschow (1966), Cohen and Webb (1953), and Fried (1960) is cited in

support of this conclusion. As a fmal note, Gibney stated that certain characteristics particular to _

segmented numeral sets, narnely, the number of segrnents and the nature and requirements of the

observer’s task, had received little attention and that these variables could significantly affect nu-

mera.1 legibility. (For an exploration of this issue, see Van Nes and Bouma, 1980).

Plath (1970) investigated the comparative readability of slanted (15 degrees) and vertically seg-

mented numerals with conventional (AMEL) numerals, the numeral type specified by the then-
l

current hurnan engineering guide MIL-STD-803A-1. Results indicated that the readability of

slanted numerals was no better than the vertical and that both of the segrnented symbol sets were ·

significantly inferior to the conventional numbers.

Oßaxis viewing. Shurtleff has used the Reinwald formula and correction factors in a variety

of studies to determine the necessary adjustment in symbol size for off·axis viewing (Shurtleff, 1980;

Shurtleff, Marsetta, and Showman, 1966; Shurtleff and Wuersch, 1979). The Reinwald formula is

based on a study which determined that the farther an observer moved off-axis, the larger the

symbol size required in order to maintain the same level of identification accuracy.

In the Reinwald study (undated), as described by Shurtleff and Wuersch (1979), subjects were

placed at a direct, on-line viewing position in order to obtain baseline performance data. Each

subject was then positioned at 15-deg increments, off-axis to the display surface, with the viewing

distance adjusted to maintain constant baseline performance. The data showed that in order to

maintain constant baseline performance, the viewing distance had to be reduced as a function of the

cosine of the off-axis angle. The resultant Reinwald formula for horizontal off-axis viewing is:

D = a( cos 8)-66 (4)

I
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where D is the distance from the display, a is the distance of the observer from the display for the

on-line (0 deg off-axis) viewing angle, and 8 is the off-axis viewing angle.

The Reinwald formula can be used to calculate the viewing distance for off-axis viewing angles.

Two viewing envelopes are generated, one each for symbols displayed on the left and right edges
A

of the display. The two envelopes are overlaid, one upon the other, and the composite area is taken

as the effective viewing area. Based on this formula, and converting the reduction in viewing dis-

tance to an increase in symbol subtense, off-axis viewing angles of 30 deg and 45 deg would involve

an increase in symbol size of approximately 10% and 26% respectively.

Chromatic Displays

Galves and Brun (1982) have stated the following advantages for chromatic displays over

monochromatic displays: (1) an increase in displayable information density, (2) greatly reduced data

acquisition time, (3) greatly reduced risk of error in symbol and numeral identification, and (4) the

opportunity for color coding. Much of the past research associated with chromatic displays has

focused on issues which involve color coding and the use of color in the presentation of informa-

tion. Weitzman (1985) has provided a brief review of color coding, and Wagner (1977) an anno-

tated bibliography summarizing 57 documents on color coding research. Unfortunately, most of

the past research in color coding and color contrast is of limited applicability to issues of legibility.

In large part, the literature is totally inadequate in predicting the effects of combinations of

illuminance and chromaticity of the illuminance on the legibility (or any other performance meas-

ure) of chromatic displays (Snyder, 1980). With regard to the present research effort, the quality

and quantity of ambient illuminance is considered critical to display legibility. For example, when

the ambient illuminance is high or intensely chromatic (e.g., the "white" noon or "red"

morning/evening sun), reduced legibility can result. Such a reduction in legibility is due to a change

or loss in chromatic contrast caused by the chromaticity of the ambient illurnination.
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Over the past few years, research efforts at the Displays and Controls Laboratory of the Human

Factors Engineering Center of VPI & SU have examined some of the issues associated with

luminance and chrominance contrast and legibility. The remainder of this section focuses on thisresearch. _
Post, Costar1za, and Lippert (1982) sought a means to express color contrast in terms of an

equivalent achromatic luminance contrast and thereby make relevant the extensive literature relating

the latter to performance. A pair of experiments were conducted which compared the relationships

between color contrast, as represented by three supposedly uniform color spaces, and achromatic

contrast. The experimental method consisted of requesting subjects to represent their subjective

perceptions of suprathreshold color contrasts in terms of achromatic luminance contrasts.

The three color spaces selected were (1) 1976 CIE (L*u*v*), (2) 1976 CIE (L*a*b*), and (3)

Cohen and Friden’s (1976) (Wab). These are all transformations of the non·uniform CIE 1931

tristimulus color space. Since a uniform (e.g., equivalent achromatic) space provides invariant units

for distance, it would be possible to make meaningful comparisons among distances in such a space.

This would provide a convenient and versatile metric of color contrast formulated in terms of dis-

tance between colors.

The representation of distance, or color contrast, within the CIE uniform color space selected

is Pythagorean:

d(L•,„•,»·) = (duz + ami +
av—2;°·’

(6)

where d(L*,u*,v*) is the distance between two colors in CIE 1976 (L*u*v*) units, dL* is the dis-

tance between the two colors’ L* coordinates, du* is the distance between the two colors’ u* co-
ordinates, and dv* is the distance between the two colors’ v* coordinates.

In general, the results of this study were successful and suggested that a satisfactory transfor-

mation could be derived using the 1976 CIE (L*u*v*) color space. The correlation between the
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distance measure d(L*,u*,v*) and perceived color contrast (R2 = 0.73) predicted about 73% of the

variance among colors (Snyder, 1985a).

Research conducted subsequently by Lippert (1984, 1985) was aimed at developing a laboratory

method to determine the performance effects of displayed color contrast to aid in structuring a
i

predictive model, or metric, for multichrome display systems. Two studies were performed, referred

to as Study 1 and Study 2, which resulted in the development of a unitary suprathreshold color-

difference metric of legibility for CRT raster irnagery. Lippert’s studies focused on speed (RS) and

accuracy for tasks requiring strings of dot—matrix numerals displayed against a spatially uniform

background. RS is the reciprocal of the time required to accurately (98% correct) read a randomly

generated four-numeral string and was used as a proportional measure of improvement in, or ease

of, legibility. The numeral reading task is considered free of the contextual/language redundancy

confounds associated with word reading tasks. Lippert’s operational definition of color contrast is

the combination of luminance and chrominance difference between a given reading task numeral

string, or target (T), and its irnmediate background field (B), which distinguishes one from the. other

both in terms of colorimetric pararneters and RS.

In Study 1 (Lippert, 1984), RS was measured as a function of color contrast for (1) three levels

of random numeral strings: 3, 4, or 5 digits, (2) three levels of T: achromatic, yellow-green, and red .

numeral chromaticities, (3) eight levels of B: achromatic, purple, violet, blue, green, yellow, orange,

and red background chromaticities, and (4) seven levels of T:B luminance modulation: 0.30, 0.25,

0.20, 0.15, 0.10, 0.05, and 0.00. The numerals were displayed at a mean luminance of 47 nits and

viewed from a distance of 0.5 m with negligible ambient illumination (i.e., in a dark room). Only

positive luminance contrast was involved in this study. _

Study 2 (Lippert, 1985) was an extention and verification of Study 1 which included a variety

of different stimulus luminance levels and incorporated both positive luminance contrast (i.e., light

Ts on darker Bs) and negative luminance contrast (i.e., dark Ts on lighter Bs) viewed at a distance

of 0.76 m. The following variables were used: (1) three levels of random numeral strings: 3, 4, or
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5 digits, (2) three levels of T: achromatic, yellow-green, and red numeral chromaticities, (3) eight

levels of B: an achromatic, one green, two purple, two magenta, and two red background

chromaticities, and (4) seven levels of T:B luminance modulation: 0.00, and both positive and

negative contrast for 0.15, 0.10, and 0.05. For Study 2, the numerals were displayed at a mean _

stimulus intensity of 20 nits and viewed in a dark room with negligible ambient illumination.

Lippert (1984) sought a uniform color space in which distance represcnted an interval scale of

perceived color contrast as measured indirectly by RS. Three candidate color spaces were

considered: (1) CIE 1976 (L*u*v*), (2) CIE 1976 (L*a*b*), and (3) (Wab) (Cohen and Friden,

1975; 1976). Each was rejected due to very low correlations between RS and color contrast, as

calculated using the appropriate Pythagorean distance formula (for each color space) based on

equation (5). The tmiform color space sought was found in a weighted version of equation (6)

using CIE 1931 Y (nits) and (x,y) chromaticity corrdinates (or CIE 1976 (u’,v’) chromaticty coor-

dinates. The signilicant metric developed, elfectively reduced to one equation, is as followsz

aß: [((155/YM)dY)2 + (367dr/)2 + (167«1v·)2]°·’ (6)

where dE is the color difference value (i.e., a combination of luminance contrast and chrominance

contrast reflecting an overall measure of color contrast), Y„ is the maximum luminance in nits for

either color, dY is the luminance difference in nits between the two colors, du' is the difference

between the two co1ors' u' coordinates, and dv' is the difference between the two co1ors’ v' coor-

dinates (see Lippert, 1986). Each of the colors' u’,v' coordinates are derived from the CIE 1931

(X,Y,Z) tristimulus values by the following equations:

_ 4X“”“
(X+l5Y+3Z) md (7)

, _ 9 YV
"(X+15Y+3Z) ' (8)
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From the lurninance in nits ar1d the u’,v' coordinates of two colors (e.g., a numeral against a

background), the color difference in dE units can be calculated using equation (6). The calculated

dE value can then be used as a relative indicator of legibility as measured indirectly by reading

speed. Working directly from this metric, according to Lippert (1985), 100% legibility (maximum

RS) is predicted to require a displayed M of 0.47. However, it should be pointed out that this

metxic and the predicted M for 100% legibility are based upon asymptotic reading speed perforrn-

ance (i.e., a RS of approximately 2.4) obtained from combination.: of the highest luminance mod-

ulations and chrominance-dilferences tested in both studies. In addition, the prediction is based

on numerals that (1) have a vertical symbol subtense of 33 minutes of visual arc (Study 1), (2) are

displayed at an intensity ranging from 10 to 50 nits, and (3) are viewed from a distance of 0.5 m to

0.76 m in a dark room without additional ambient illumination. Despite these considerations,

calculation of the dE value can be used successfully as a relative indicator of legibility as measured

by RS.

SUlw1MAR Y

This section presents a summary of criteria and recommendations derived from the analytical

compilation of the legibility studies examined. The following material represents the combined re-

sults of previous research which has concentrated on the critical legibility parameters selected and

serves to indicate the inherent ambiguities and limitations.

The legibility research review suggests the following general conclusions:

1. Complex and signiiicant interactions exist among the display parameters of symbol subtense,

luminance modulation (M), and stroke width-to-height ratio.

2. There is general consensus on a threshold symbol subtense of 10 minutes of visual arc and a

recommended minimum of approximately 15 minutes of arc.

3. A general consensus on a recommended minimum M of approximately 0.80. V
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4. Intense ambient illurnination on the order of 100 klx can effectively reduced M to near

threshold level (i.e., an M of 0.2 or less) for most ernissive display technologies.

5. Off-axis viewing angles up to 45 deg may require a substantial increase in symbol subtense.

Reinwald’s forrnula offers a method for estimating the necessary increase in symbol subtense.
_

Based on this formula, and converting the reduction in viewing distance to an increase in

symbol subtense, off-axis viewing angles of 30 deg and 45 deg would involve an increase of

approxirnately 10% and 26%, respectively.

6. Segrnented numerals may be slightly less legible than conventional (i.e., Arabic) numerals, but

the task involved and the general viewing conditions are likely to have more of an effect than

numeral font or symbol slant. For example, if the stimulus presentation method is

tachistoscopic and the task is force-paced, differences in font are more likely to result in dif-

ferences in performance.

7. At very low levels of M and ambient illumination, color contrast between symbol and back-

ground will affect legibility. Lippert’s (1986) fonnula for dE provides a method for calculating

the effect of color contrast on reading speed.

Limitations

The following limitations apply with respect to the overall analytical effort and summary of the

legibility research.

1. The majority of legibility research reviewed was conducted in such a fashion as to generalize

primarily to CRT displays. Different display technologies are likely to involve various legibility

benefits and limitations when compared to the CRT. In addition, the prime aim of these leg-

ibility research efforts concentrated on optimizing the CRT display for an indoor, office

workstation environment. Typically, these optimum conditions were unspecified.

W
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2. The analytical summary combined results from a diverse set of experimental conditions. Ex-

treme care is recommended in any attempt to apply the generalizations to radically different

and/or extreme environmental viewing conditions.

3. There exists an incredibly wide variety of stimulus presentation methods, experimental condi-
_

tions, performance variables, and assorted techniques for the measurement of observer re-

sponses. Many times the presentation methods and experimental conditions were only

sirnulations of the actual conditions and parameters of interest.

4. In most cases, the experimental conditions relate more closely to a 45 to 56 cm viewing dis-

tance, viewing angles normal to the display, relatively low symbol and background luminance,

low retinal stimulation, an optimized adaptation state, and moderate (less than 1000 lx), low

(less than 250 lx), or very low (10 lx) ambient illumination. How these results generalize to
A

viewing distances greater than l rn and intense ambient illumination conditions can only be

estimated and requires experimental determination/veriiication.

5. In many studies, inadequate descriptions are provided as to the experimental conditions,

complete results, equipment, measurement techniques, experimental methodology, and sources

of information. In many instances, the subjects were not screened for visual capabilities prior

to the experiment.

6. A variety of the legibility research indicates that the results deterrnined from an experiment are

often controlled by (a) the performance or response measure used, (b) the real or simulated

method of stimulus presentation, (c) the nature of the task, (d) whether the task was self-paced

or forced-pace, and (e) whether training, incentives, rewards, and/or feedback were provided

and of what nature.

7. Only very limited agreement exists with respect to minimum recommendations for display

parameters associated with good legibility. Often the recommendations are unclear as to what
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conditions prevailed or were assumed. In addition, the actual values for related parameters are

often not specified, nor is the range of conditions to which the recommendations may be ap-

plied.

8. There are only general indications from past legibility research regarding the severity of visual
I

difficulty associated with extreme display surround problems. The issue of display surround

problems along with other factors that affect the perception of contrast are recognized as im-

portant in display legibility and worthy of further research.

Anabtical Summary and General Recommendations

ln spite of the many foregoing limitations, substantial effort was made to draw useful conclu-

sions, recommend tentative legibility criteria, and gain an understanding of the parameters critical

to legibility. As a method of summarizing the combined results, a quantitative effort was made to

develop a simple family of curves or boundaries to represent the effects of symbol subtense, M, and

stroke width-to-height ratio on ACC. The family of curves developed is based on the following

information: (1) whenever possible, data points provided in the research report, (2) the accumulated

results from the literature presented in this report, and (3) careful estimations based upon a com-

bination of the generalized results and overall recommendations.

The following sources served as primary contributors in the development of these curves: Crook

et al., 1954a, 1954b; Elias et al., 1964; I-Iowell and Kraft, 1959; Ketchel and Jenny, 1968; Seibert

et al., 1959; Semple et al., 1971; Shurtleff, 1980, Shurtleff, Botha, and Young, 1966; Shurtleff and

Wuersch, 1979. The overall effort included information for vertical symbol subtense ranging from

5 to 30 minutes of visual arc, M ranging from 0.33 to nearly 0.95, and stroke width-to-height ratios

from 10% to 25%. The relationship among these legibility parameters in terms of ACC is illus-

trated in Figure 4.
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In general, Figure 4 provides the following information and recommendations: (1) estimates

of ACC range from 70% to 100%, with an emphasis on the greater than 90% region, (2) for ACC

of at least 90%, a minimum symbol subtense of 15 minutes of visual arc is recommended for Ms

of 0.78 and greater, (3) a minimum symbol subtense of 20 minutes of visual arc is recommended _

for low Ms of approximately 0.33, (4) at moderate to low values of M (i.e., less than 0.82), an in-

crease in symbol subtense will result in a rapid increase in ACC, (5) from a low M, increasing the

M toward 0.82 rapidly improves ACC for symbols that subtend up to 25 minutes of visual arc, and

(6) near error-free ACC may be achieved with an M of 0.82 and a symbol subtense of at least 20

minutes of visual arc.

Limitations. Some of the restrictions and limitations with respect to Figure 4 include the

following:

1. It must be remembered that these curves resulted from a combination of the literature and re-

search examined and are therefore subject to the limitations inherent in the literature.

2. A slight underprediction of ACC exists for the smaller visual angles under indoor optimum

viewing conditions.

3. Ten minutes of visual angle is considered a minimum for levels of M above 0.78.

4. The curves and estimated ACC are based on a stroke width-to-height ratio of 20%. Lower

ratios would essentially result in minor reductions in ACC at the higher Ms (e.g., 0.82 and

0.89) but much greater reductions at the Ms of 0.71 and below (data for stroke width-to-height

ratios less than 10% were not available; consequently, further estimation of the reduction in

ACC would be necessary and is not reflected in Figure 4).

5. The curves do not include consideration of the detrimental effects associated with high to very

high levels of ambient or surround illumination. .
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6. The estimates of ACC relate primarily to alphanumerics; in general, some degree of contextual

redundancy may be assumed but no additional correction for a numerals only application is

required.

7. The ACC estimates for the 0.33 M curve are to be used with caution; they are valid only under

optimum viewing conditions.

General Legibility Criteria

The following general recommendations regarding the remaining critical display variables se-

lected are suggested:
l

1. Minimum horizontal spacing of 25% with a maximum of 60%. In situations involving

viewing from off-axis angles up to 45 deg, a strong recommendation for horizontal spacing in

the neighborhood of 50%.

2. Given sufiicient symbol subtense, M, and a stroke width-to-height ratio of 20%, direction of

contrast is arbitrary and either positive or negative contrast is acceptable.

3. A stroke width-to-height ratio of 20% is best, with a minimum of 10%. Ratios less than 10%

are strongly discouraged. With Ms of 0.71 or less, this recommendation becomes very im-

portant.

4. Given a self-paced reading task and no element failures, 10 deg slanted segmented numerals

arc not expected to significarrtly impact either RS or ACC.

5. Chromatic contrast can be substituted for lurninance contrast. Otherwise, the speciiic choice

of colors for the display symbol/elements is not critical so long as saturated reds or blues are

avoided.
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As a final note, the following are some simple suggestions for improving legibility and ACC

under the described circumstances: (1) when visual subtense is held constant with a low M and a

stroke width-to-height ratio of 10%, increase the M toward 0.82 or greater and increase the stroke

width-to-height ratio to 20%, (2) when M is held constant at some moderate to low level (e.g.,

0.67), increase the symbol subtense to at least 20 minutes of visual arc and use a stroke width-to-

height ratio of 20%, (3) when stroke width-to-height ratio is held constant at 20% or 17%, increase

the M to 0.82 and increase the symbol subtense to provide at least 15 and preferably 20 minutes

of visual arc. Remember that stroke width-to-height ratio tends to influence legibility tmder con-

ditions of low ambient illuminantion.
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DAYLIGHT AND DAYLIGHT SIMULATION

This section presents background information regarding the nature and intensity of daylight

along with a general discussion of some of the problems and complexities encountered in daylight

simulation. The majority of this information was sumrnarized from the following sources:
I

Henderson (1977); IES (198la, 1981b); Matson, Bird, and Emery (1981); Nagel, Quenzel, Kweta,

and Wendling (1978); Walsh (1961); Wyszecki and Stiles (1982). For additional description and

detailed discussion on the various aspects of the sun and daylight, the above sources, along with

Coulson (1975) and Meinel and Meinel (1977), are suggested.

NATURE AND INTENSITY OF AMBIENT ILLUMINATION

In this research effort, the single most imposing constraint of the display environment is the

nature and intensity of the ambient illumination. Understandably, the harsh and varied lighting

conditions encountered with natural daylight present the most severe test of an electronic display.
l

In general, daylight will have the following adverse effects on nearly all emissive display

technologies: (1) the high intensity of ambient illumination will effectively reduce the luminance

modulation (M) between symbol and background, as well as reduce symbol stroke width and

overall image quality (through degradation of the edge sharpness of the symbol/element), and (2)

the chromaticity of daylight illumination will reduce the color contrast between symbol and back-

ground. In comparison, these adverse effects are typically absent with light-modulating LCD

technologies.

ln this section, information is provided to describe the nature and intensity of ambient illumi-

nation associated with daylight. Emphasis is placed on such characteristics as the variation in in-

tensity of illumination (measured in lx or klx) and variation in the chromaticity of daylight

(specified in CIE 1931 (x,y) chromaticity coordinates) as described by the spectral radiant power

distribution. Rather than attempt to describe the sun and daylight in all its complexity and vari-

ation, this discussion is restricted to a general summary of the most relevant descriptive factors.

I
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Daylight

The sun is a source of tremendous radiant energy. Approximately half of this energy reaches

the earth’s surface as daylight or visible radiation. The other half of the solar radiant energy con-

„ tains invisible shorter wavelengths (ultraviolet) ar1d invisible longer wavelengths (infrared). Direct
l

sunlight (i.e., direct visible radiation from the sun) and skylight (i.e., visible radiation from the sun

scattered by the atmosphere) are the two basic components of daylight.

The position of the sun and the conditions of the atmosphere are two of the most important

descriptive factors of daylight. The position of the sun with respect to any point on the earth’s

surface is specified by the angle of solar altitude and the angle of solar azimuth. Solar altitude refers

to the vertical angle of the sun above the horizon. Solar azimuth is usually taken as the horizontal

angle of the sun from the North meridian (i.e., true North, not the magnetic North). These angles ‘

and the position of the sun vary with the seasonal period of the year, the latitude of the surface

location, and the time of day. In addition, the nature and intensity of illurnination from the sun

pass through a variety of phases in the course of a day.

Additional factors that can affect the nature and intensity of daylight reaching the surface of the

earth include the following:

l. The depth or air mass of the atmosphere as well as the amount of moisture, haze, dust, and

chemical pollution suspended in the atmosphere. An air mass of l.0 translates to a solar alti-

tude of 90 deg and an air mass of 2.0 translates to a solar altitude of 30 deg.

2. The luminance and luminance distribution of the sky. The amount of cloud cover and patterns

(e.g., clear, partly cloudy, or overcast) describes the luminous distribution of the sky. Skylight

is almost twice that on a clear day as compared to a cloudy sky, and "uniformly" overcast skies

are 2.5 to 3 times as intense overhead as at the horizon.

3. The effects of the locale, surround, and reflected ground light.

l
37



Imensity of Total IIlumination

In determining the amount of total daylight illumination, it is important to include the con-

tribution of both direct sunlight and skylight. Since both components of daylight tend to vary with

an assortment of conditions, the values discussed in this section are considered general estimations.

Henderson (1977) states that the maximum illumination at sea level from the sun in a clear sky

is on the order of 100 klx. The IES (198la) states that the illurninance on the earth’s surface by

the sun may exceed 100 klx. Nagel et al. (1978) developed a complex and sophisticated math-

ematical model to calculate a variety of quantitative aspects of daylight illumination. The calcu-

lations for maximum total illumination based on solar altitude provided by Nagel et al. (1978) are

presented in Table 1. Estirnates of the associated correlated color temperature are also provided

(color temperature is measured on the absolute scale in degrees kelvin (K) where K is equal to de-

grees Celsius plus 273.15). These estirnates represent the maximum values associated with total

daylight illumination based on solar altitude for the earth and will be used in further calculations

in this research. Based on these data, a simple equation for calculating maximum solar illumination

as a function of solar altitude is:

I = -23018.7 + 6498.98x — ll4.926x2 + 0.7206l2x3, (9)

where I is the illurninance (in lx) and x is' solar altitude (sun angle) rangng from 5 degrees to 60

degrees (R1 = 0.99). When calculating illumination intensities for sun angles from 60 degrees to

90 degrees, the following equation is recommended:

I = 405.84 + 4508.26x — 62.5187xz + 0.289792.x3, (10)

where the variables are the same as in equation (9) and R2 is 0.99.

It is clear from the information in Table 1 that even at moderate solar altitudes from 30 to 45

deg, the maximum illuminance is between 88 klx and 102 klx. In comparison, information derived

from the IES (198la) estirnates a maximum average illurninance of approxirnately 86 klx for a solar
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Table 1

Maximum Ambient Illuminance and Estimated Correlated Color

Temperature of Daylight as a Function of Solar Altitude

Solar Maximum Correlated
Altitude Illuminance Color Temperature(dag) (lx) (K)

5 7586 2400

10 29,590 3500

20 67,476 4500

30 88,264 4900

45 101,962 5200

60 108,956 5400

90 110,957 6000
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altitude of 37 deg at a latitude of 30 deg North in the United States. This latter estimate corre-

sponds to an 8 AM or 4 PM time of day. „

Chromaticity and Color Temperature

The data and calculations presented in this discussion are considered general estimates for de-

scribing the chromaticity and color temperature of daylight.

The sun is a source of radiant energy that varies in chromaticity and color temperature

throughout the day. With respect to chromaticity, the information on radiant energy of primary

interest is described by the spectral radiant power distribution. When applied to a source ofradiant
”

energy, this distribution is defined as the (mean) spectral concentration of radiant power as a func-

tion of wavelength (e.g., for the visible spectrum, from about 380 nm to 760 nm). Color temper-

ature and correlated color temperature are terms used to describe the chromatic aspect of light

sources. The term color temperature is used in reference to special types of light sources (e.g.,

electric lamps) that emit light that has the same, or nearly the same, chromaticity coordinates as a

blackbody radiator. The term correlated color temperature is used when the chromaticity of a cer-

tain source (e.g., a fluorescent lamp) is not equal to any of the chromaticities of a blackbody radi-

ator. The correlated color temperature of a light source is defined as the absolute temperature of _

a blackbody radiator the chromaticity of which most nearly resembles that of the light source (IES,

l98la).

There exists a remarkably close correspondence between the chromaticity (or correlated color

temperature) of a given phase of daylight and its relative spectral radiant power distribution

(Wyszecki and Stiles, 1982). This relationship permits a general reconstruction of the spectral ra-

diant power distribution for a phase of daylight of interest based on the chromaticity or correlated

color temperature. Although the chromaticity of daylight establishes the relative spectral power

distribution of that daylight, the sky conditions affecting the skylight component of daylight will

offer only vague clues as to the spectral distribution that may prevail. In addition, when specifying
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a spectral radiant power distribution associated with a particular phase of daylight, it is necessary

to state whether it refers to direct sunlight only, to sunlight plus skylight from the atmosphere, or

to skylight only. The relative radiant power distributions of 10 different phases of daylight are il-

lustrated in Figure 5 (Wyszecki and Stiles, 1982).

Although difficult to determine accurately the color temperature associated with a specific

combination of direct sunlight and skylight, Wyszecki and Stiles (1982) state that the following

relationships exist with respect to daylight:

1. Daylight from direct sunlight plus the total skylight incident on a horizontal surface ranges in

correlated color temperature from about 5000 K to 7000 K regardless of cloud coverage (i.e., ·

clear to overcast sky). A spectral radiant power distribution with a correlated color temper-

ature of about 6000 K may be considered representative of average "g1obal radiation."

2. Daylight from the sun disk alone, or daylight from the sun disk at low altitudes plus skylight,

generally results in spectral radiant power distributions with correlated color temperatures be-

low 5000 K.

3. Daylight from the north sky (or equivalently, daylight from the total sky but with the sun

occluded) has correlated color temperatures above 7000 K. The amount of cloud coverage

determines the most applicable correlated color temperature. For a clear north sky, very high

correlated color temperatures of 40,000 K and higher can be reached.

Nagel et al. (1978) have provided the CIE (x,y) chromaticity coordinates for direct solar illu-

mination (sunlight) based on solar altitude. The mathematical model used to calculate these values

assumed a moderately turbid, cloudless sky. The chromaticity coordinates, dominant wavelength,

and excitation purity of direct solar illumination are provided in Table 2.

Based upon the information presented in Table 2, the estimated color temperatures of daylight

include the following: approximately 2400 K at 5 deg solar altitude, approxirnately 3400 K at 10
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Figure 5. The relative radiant power distributions of 10 phases of daylight (from Wyszecki and Stiles,mz).

42



Table 2

CIE 1931 (x,y) Chromaticity Coordinates, Dominant

Wavelength, and Excitation Purity of Direct Solar

Illuminance Based on Solar Altitude ‘

Solar Dominant Excitation
Altitude x y Wavelength Purity

(deg) (nm) (percent)

5 0.492 0.421 585.5 75.0

10 0.413 0.401 580.0 44.3

20 0.367 0.372 578.2 14.4

30 0.351 0.360 573.2 13.5

45 0.343 0.348 572.8 7.1

60 0.336 0.346 563.4 5.4 -

90 0.334 0.344 556.4 4.5
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deg solar altitude, approximately 4400 K at 20 deg solar altitude, approximately 4800 K at 30 deg

solar altitude, approximately 5100 K at 45 deg solar altitude, and appro_ximate1y 6000 K at 90 deg
I

solar altitude, This last value agrees with Wyszecki and Stiles’s (1982) suggestion that a spectral

power distribution associated with a correlated color temperature of 6000 K as a good representative _

for "global radiation."

Judd, MacAdam, and Wyszecki (1964) determined that the chromaticity coordinates x, y com-

puted from over 600 measured solar spectral radiant power distxibutions could be represented by a

simple equation. The resultant curve, which defmes the "daylight locus" in the CIE 1931 (x,y)

chromaticity diagram is: _
yD = -3.026}) + 2.87xD — 0.275, (1 l)

where y,_, and x,, are the daylight-related chromaticity coordinates. The values provided by Nagel

et al., (1978) in Table 2 are consistent with those calculated using the above equation. An illus-

tration of the blackbody locus or "day1ight 1ocus" is presented in Figure 6.

In summary, equations (9) and (10) provide a simple method for estimating the maximum

amount of total illurninance (in lx or klx) based on solar altitude. Knowledge of the solar altitude

and the information contained in equation (1 1), Table 2, and Figure 5 provides a method for es-

timating the radiant spectral power distribution, correlated color temperature, and CIE 1931 (x,y)

chromaticity coordinates associated with a particular phase of daylight.

DA YLIGHT SIMULATION _

This section presents a brief discussion of the general background, problems, and complexities

encountered in the simulation of daylight illumination. included is a description of CIE standard

sources and illuminants, several past attempts at simulating daylight in legibility research, and a

general approach to the development of a daylight simulation technique. In addition, several po-

tential illumination sources are discussed along with the use of color temperature conversion filters.

V
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In the end, general recommendations are provided for the simulation of daylight illumination in an

experimental setting.

CIE Standard Sources and IIluminants

In colorimetry, where object·color stirnuli are of main concem, colorimetric measurements,

calibration, and calculations are based on sources of illumination restricted to a specific set of

spectral radiant power distributions. The CIE recommends a set of such spectral radiant power

distributions, called standard illuminants, and their corresponding standard sources. The CIE

makes an important distinction between standard illuminants and standard sources. A standard

illuminant refers to a specific spectral power distribution incident on an object viewed by an ob-

server. A standard source is a physical emitter of radiant power, such as a larnp, the sun, or the sky.

Unfortunately, many times a specified standard source either may not exist or is not capable of re-

presenting (i.e., realizing) the exact recommended spectral radiant power distribution of the standard

illuminant. Nonetheless, the CIE has recommended certain standard sources when realization of

the corresponding standard illuminant is desired.

In the specification of CIE standard illuminants and sources, it is important to note that, with

respect to illuminants and sources of light other than the sun, color temperature as a descriptive

characteristic is a specification of chromaticity only and does not represent the relative spectral

power distribution of the particular light source.

CIE standard illuminant A represents the light from a full radiator at absolute temperature 2856

K. The CIE 1931 (x,y,) chromaticity coordinates are (0.447,0.407). This illuminant can be realized

by a gas-filled coiled tungsten filarnent Iamp operating at the correlated color temperature of 2856

K. Such a Iamp with a fused-quartz envelope or window is suggested if the spectral distribution

of radiant power in the ultraviolet region of illuminant A is to be more accurately represented

(Henderson, 1977).
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CIE standard illuminant B was intended to represent direct sunlight with a correlated color

temperature of approximately 4874 K and CIE 1931 (x,y) chromaticity coordinates of (0.348,0.35l).

CIE standard illuminant C was intended to represent average daylight with a correlated color tem-

perature of approxirnately 6774 K and CIE (x,y) chromaticity corrdinates of (0.3l0,0.316). Typi— _

cally, illuminants B and C are realized by source A combined with two liquid filters formulated by

Davis and Gibson (1931). The filters serve to raise the color temperature to the specified value.

CIE standard illuminant D6, represents a phase of natural daylight with CIE 1931 (x,y)

chromaticity coordinates of (0.312,0.329) and a correlated color temperature of approximately 6504

K. This illurninant is not only recommended by the CIE as the main standard daylight illuminant,

it is also widely used as the representative of average daylight for colorimetry. Additional versions

of standard illuminant D include D,, (correlated color temperature of 5503 K and CIE 1931 (x,y)

chromaticity coordinates of (0.332,0.347)) and D7, (correlated color temperature of 7504 K and CIE

1931 (x,y) chromaticity coordinates of (0.299,0.3l5)).

Unfortunately, the CIE has made no recommendations regarding artificial sources capable of

realizing any of the CIE illuminants D (i.e., D,,, D6,, or D7,). In recognizing the unlikelihood of

ever obtaining an artificial source with a relative spectral power distribution identical to those de-

fined as either D,,, D6,, or D7,, the CIE has developed a method for assessing the usefulness of ex- —

isting artificial sources for colorimetric purposes (Wyszecki and Stiles, 1982). However, the

usefulness of this assessment method has yet to be established. Further, the method is far too

elaborate and complex to be of any practical use in the current research and is mentioned only as

a point of infomiation. In conclusion, no readily available artificial source can be recommended ‘

that realizes any of the CIE standard illuminants D.

Attempts at Daylight Simulation

Several attempts have been made to sirnulate daylight illumination and the CIE standard

illuminant D,,. Many of these attempts have involved incandescent sources and the use of ab-
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sorption filters. Although in several instances the visible spectrum is closely irnitated, the ultraviolet

region is invariably deficient. Further, essentially all of these attempts have concentrated on sirnu-

lation of the desired chromaticity and an approxirnation of the spectral power distribution rather

than high intensity and wide area illumination. For detailed descriptions, see Henderson (1977) and _

Wyszecki and Stiles (1982).

Standard illuminants B and C are both considered inadequate in representing the intended phase

of natural daylight. In particular, both are seriously deficient in their spectral distribution in the

ultraviolet region that plays an important role in the colorimetry of fluorescent materials (Wyszecki

and Stiles, 1982). In fact, the CIE has indicated that at some future date it intends to drop

illuminants B and C from its list of recommended standard illuminants (CIE, 1971). _

Representative examples of daylight simulation techniques in past legibility research include the

following: (1) Knowlcs and Wulfeck (1972) used two quartzite lamps (i.e., Sun Guns) with a color

temperature of 3200 K, (2) Spiker and Rogers (1984) used two spotlights (i.e., an Industrial In-

dustries larnp and a variable focus Colortron Multibeam 1000 sun lamp), and (3) Ellis et al. (1974)

used four 1000-W quartz halogen lamps with HA3 glass filters. While these artificial sources often

provided the desired intensity of arnbient illumination, they certainly failed to deliver an adequate

approximation of the appropriate spectral power distribution or chromaticity of daylight. Fidelity

ir1 the simulation of the desired chromaticity of illumination is important since the resultant

chromaticity of the area or images is directly affected.

Overall, the main problem in using incandescent sources for simulation purposes stems from

the abundance of longer ("red") wavelengths and the deficiency of shorter ("b1ue") wavelengths in

the spectral radiant power distribution as compared to daylight. The most common technique for

altering the spectrum and chromaticity of incandescent sources involves the use of color temper-

ature conversion (absorption) filters.
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Color Temperature Conversion Filters

Color temperature conversion filters change, by selective transmission, the spectral radiant power

distribution of a blackbody radiator at one temperature to a distribution approximating in the vis-

ible a blackbody radiator at another temperature (Wyszecki and Stiles, 1982). Such filters are spe-

cial application absorption filters and the most common types are made of either glass, gelatin, or

liquid. Glass filters that are best for raising color temperature are referred to as Type 7jilzers while

glass filters for lowering color temperature are Type 2filters. Gelatin filters with similar properties

are also available.

Generally, in order to raise the color temperature of an incandescent or tungsten source, so-

called "booster" filters are used to subtract out the predominant longer ("red") wavelength content

from the spectral distribution. For sources of high correlated color temperature (e.g., 6000 K),

lowering the color temperature involves the application of "amber" conversion filters to reduce

some of the high content of shorter wavelengths already present in the spectral distribution.
I

While the above technique to raise color temperature with gelatin filters may suffiee in most

photographie applications, it is often considered inadequate in situations involving human observ-

ers. Essentially, the inadequacies are a result of the differences in spectral sensitivity between the

human eye and various types of photographie film. The reduction of color temperature through

the use of gelatin filters with a light source of high color temperature generally provides a more re-

alistic daylight to the eye and unbalances the spectral distribution of the source to a lesser degree.

In the "boosting" of the color temperature of incandescent sources, the combination of several fil-

ters may be required to achieve the desired chromaticity.

In general, all lamps (i.e., sources) and techniques applied to the objective of sirnulating artificial

daylight have some inherent disadvantage. In addition, the simulation attempts which involved ‘

liquid filters were found unsuitable for providing high illurninance on large areas for color matching
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work and there has been uncertainty regarding the reproducibility and stability of the filter solutions

(Henderson, 1977).

Artificial Daylight Source:

Henderson (1977) has stated that the arc in xenon in a fused silica envelope, operating ou direct

current, has attractions as a substitute for daylight. The correlated color temperature is approxi-

mately 5500 to 6000 K with a spectral power distribution that may resemble D,, or daylight at 5500

K. The D,, spectral distribution has been specified in the United Kingdom as a standardized light

source for color assessment in the graphic arts industry. The excess of ultraviolet radiation from

the xenon arc is a distinct advantage over sources lacking that portion of the spectrum and more

closely approximates the spectral content of the sun.

Wyszecki (1970) provides three examples of D6, daylight simulators using a filtered high-pressure

xenon arc, a filtered tungsten lamp, and a fluorescent lamp. In a comparison of the relative spectral
W

power distributions, the filtered high-pressure xenon arc lamp simulation provided a high quality

match in both the visible part and the ultraviolet part of the daylight spectrum.

In general, the majority of attempts to simulate daylight have concentrated on an "average" or

noontirne phase of daylight. This corresponds to what could be referred to as a "white" phase of

daylight with a color temperature in the neighborhood of 6000 to 6500 K and higher. Some of the

past attempts at daylight simulation have provided close approxirnations, but only over very small

areas (often 10 to 15 cm) and at illumination intensities of only a few percent of maximum outdoor

daylight (e.g., 800 to 3000 lx).

Simulation of the daylight viewing conditions relevant to the present application involve the

following: (1) portable or moveable source(s) of illumination, (2) very high intensities of ambient

illumination ranging up to 50 klx and 100 klx, (3) a relatively large, uniform area of illumination

on the order of 20 to 30 cm, and (4) an approximation of the appropriate spectral radiant power
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distribution (or chromaticity) corresponding to the intensity of illumination and desired phase of

daylight. j

The following complications are encountered as a result of these requirements: (1) typically,

artificial daylight sources can illuminate areas of only very limited size and may involve additional
U

problems related to placement and general viewing conditions, (2) the simulation configuration may

be complicated by the need for reflectors to provide wide area illurnination and temperature control

for intense light sources, (3) the use of filters to approximate the desired chromaticity and spectral

radiant power distribution will result in a reduction in illurninance, and (4) light sources with high

color temperature capable of high intensity are often extremely expensive and possess limited flex- V
ibility ir1 intensity control.

Based on these considerations, the daylight simulation technique selected for this study employs ‘

the use of relatively inexpensive, stable, high intensity, long life, incandescent light sources (color

temperature of approximately 3200 K) and the application of color temperature conversion ab-

sorption flters. Although the appropriate spectral distribution cannot be achieved, the chromaticity

of the desired phases of daylight can be very closely approximated with the proper combination of

absorption filters. In addition, this technique provides for a greater range of intensity control.

High-voltage DC-driven sources like the carbon and xenon arc lamps were rejected from consider-

ation since they (1) significantly increase cost, (2) offer less flexibility in intensity control, (3) are

bulky and difficult to manage, and (4) increase the concem for safety when located near human

subjects.

l
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VISION AND IMAGE QUALITY

BASICS OF THE HUMAN VISUAL SYSTEM

This section contains information on some of the basic functions of the human eye and im- °

portant factors affecting the visual system. All of these descriptive characteristics either directly

impact display design and legibility or are of special interest in relation to the daylight simulation

apparatus. This discussion is not intended as a complete description of the human visual system.

Specifically, the topics of interest are restricted to those considered most relevant to the present re-

search. Additionally, in order to limit the scope of this discussion, some fundamental knowledge

regarding the human eye and its physical construction is assumed.

In general, the information in this section reflects an emphasis placed on factors pertinent to

photopic vision (i.e., cone vision capable of color discrimination) since the intensities of ambient

illumination and associated levels of lurninance relevant to the present study are indicative of

photopic viewing conditions. Sources used in the preparation of this discussion that are recom-

mended for further information and more detailed descriptions include Comsweet (1970), Graham

(1965), and Snyder (1985a).

In general, visual perception of the outside world is based on the images that are formed on the

light-sensitive retina of the human eye. Light emitted from a source or reflected off an object passes

through the comea, pupil, and lens of the eye, travels along the visual axis, and is focussed (via

accommodation) on the highly sensitive fovea of the retina. When the human eye is fixated on an

object, it is the image of the object that must be focussed on the fovea (the central two degrees of

visual field) to be clearly seen. A wide variety of factors with respect to the nature and qualities

of both the object and the observer’s eye affect the perception of the object. Several of the most

important factors are briefly discussed below.
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Intensity of the Image

The iris of the human eye, and consequently the pupil, adjusts in size according to the intensity

of luminous objects observed in the outside world. As the intensity of the object or source in-

creases, the diameter of the pupil decreases. In addition, the intensity of the image on the retina is
i

directly proportional to the intensity of the source of the image and the area of the pupil. However,

it is important to note that while changes in the area of the pupil will not affect the size of the retinal

image, the intensity of the image will be directly proportional. This fact is important in legibility

research since changes in the size of the pupil, while leaving the size of an image or symbol un-

changed, affect the perceived intensity or brightness of the image. i

In actuality, the illuminance of the retinal image depends on the luminance of the extemal object

or source and the area of the entrance pupil of the eye. Pupil size, as mentioned above, depends

on the amount of light reaching the the eye. In general, the pupil adjusts and the eye adapts to the

area or source of greatest lurninance in the visual field. The efficiency of the pupil with respect to

the production of a luminous sensation depends on its size in accordance with the Stiles-Crawford

effect. (The Stiles-Crawford effect relates to the fact that the human eye is most sensitive to light

entering the eye near the center of the pupil and progressively less sensitive as the light enters farther

from the center of the pupil.) It is by a combination of these factors that the ultimate illuminance

of the retinal image of an object in the visual field is affected by the size of the pupil which, in turn,

is affected by the area or source of greatest luminance in the visual field (de Groot and Gebhard,

1952). This last point is an important one in consideration of the present research since it relates

to the perception of brightness contrast. lt is important to remember that the perception of

brightness is affected by the adaptative state of the eye.

Brightness Contrast

The term brightness refers to the psychophysical experience or perception of lurninance with

luminance representing the measure of physical intensity. Brightness contrast refers to the percep-
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tion of the visual interaction between adjacent areas of different luminance. The subjective per-

ception of the brightness of objects or targets is affected by a variety of factors such as size or area,

duration of exposure, and the adaptative state of the eye. With respect to brightness perception,

the perceived brightness ofany visual area is reduced by increasing the brightness of the surrounding A
A

area. The converse is true as well: the brightness of an object is increased with a decrease in the

brightness of the surrounding area. In this way, a small area of moderate luminance will appear

"white" or bright against a dark background. However, as the surrounding area is made brighter,

the object will appear to decrease in brightness until, with a sufliciently bright surround, the object

will appear dark or "b1ack."

The fact that the perceived brightness ofan object is not a simple function of luminance intensity
V

was clearly demonstrated in a series of experiments performed by Heinemann. Heinemann (1955)

investigated the phenomenon called sirnultaneous contrast which relates to a common, everyday

experience dealing with factors affecting the perception of brightness. Heinemann’s experiments

revealed that two regions of identical intensity can appear different in brightness and two areas of

different intensities can appear to have the same brightness.

Comsweet (1970) suggests the following as an example of sirnultaneous contrast. View a piece

of opaque, gray colored paper with one eye under any ordinary light. Then hold the paper up at _

arrn's length and (with the same eye) view it against a bright window or a large light source. The

paper will appear much darker against the bright background then when it was normally illuminated

even though the amount of light reflected from the paper is approximately the same. This phe-

nomenon is the same as the common experience ofperceiving people or objects as silhouettes when

strongly backlighted even though the amount of light reflected from them would be more than

enough to allow· them to be seen when viewed against a dark background.

Heinemann (1955) provides a quantitative description of the effect on the brightness of a test

disk due to variation in the luminance of the surrounding background. The illustration in

Figure 7 reveals that as the intensity of the background is increased from zero, the test disk appears
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to increase in brightness slightly (a "reverse" contrast effect) and then decrease rapidly in brightness

as the background intensity reaches and surpasses (by about 10%) the initial intensity of the disk.

Subjectively, the disk initially appeared bright against the dark background and then successively

darker and darker until it appeared as dark as the background when the lurninances of the disk and

background were nearly identical. If the brightness of an object was unaffected by the intensity of

its surroundings, then the line in Figure 7 would be horizontal. Clearly, the curve indicates the

existence of a very strong contrast effect.

The results provided by Heinemann (1955) regarding the perception of brightness contrast and

factors affecting contrast perception play an important role in understanding certain aspects of leg-

ibility because contrast is considered critical to good legibility. What is important to remember is

that the brightness and perceived contrast associated with objects and images does not solely depend

on the luminance or intensity of the image, but rather on the relationship among the intensities

within the visual field that the image is viewed.

Contrast Sensitivity and Spatial Frequency

How well the human visual system detects contrast, the difference in lurninance of adjacent

areas, determines our ability to perceive objects and images in the outside world. With respect to

fine detail, the size of the retinal image of·an object is important because increases in the distance

from the object tends to render details with low contrast difficult to perceive. The reason for this

loss in fine detail is not due to a reduction in the brightness of the image; rather, it is because the

human visual system is less sensitive to contrast when the spacing of the contrasting areas decreases

(Campbell and Maffei, 1974). It is a fact that smaller images and images with fine detail require

greater contrast in order to be seen; that is, our sensitivity to contrast is a function of spatial fre-

quency.

Historically, human visual contrast sensitivity was successfully measured through the use of ‘

sinusoidal grating patterns of various spatial frequencies (see Kelly, 1977). In fact, such grating
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pattems have been used to study the image quality of the visual system for nearly 40 years. Bas-

ically, the fovea of the eye is highly specialized in detecting luminous gradation (contrast) in the

visual field. As the spatial frequency of the luminous gradation increases, the eye requires greater

contrast in order to perceive the gradation. Through the use of psychophysical experimentation,

the empirically derived contrast sensitivity function (CSF) has revealed the human visual system to

be most sensitive to spatial frequencies between approximately 2 a.nd 6 c/deg and less sensitive to

both lower and higher spatial frequencies. An illustration of the visual CSF is provided in

Figure 8. In effect, the CSF represents the contrast or modulation requirements for certain spatial

frequencies to be perceived by the human visual system.

Unfortunately, like many aspects of the visual system, the CSF of the eye does not always re-

main constant. Factors that affect the CSF include the size and luminance of the target or image,

viewing distance, motion, flicker, eye movements, and the adaptative state of the eye. lt is impor-

tant to realize that the CSF of the eye can be altered by display surround conditions that affect its

adaptative state.

Several studies have examined the effect on the CSF of varying the luminance (or retinal

illuminance) of the sine-wave gratings (Patel, 1966; Schober and Hilz, 1965; Van Nes and Bouman,

1967). In general, the findings of these studies point out that the spatial frequency of maximum

sensitivity drops from 3 to 6 c/deg to about 1 c/deg under conditions of low luminance. Further,

the ability to perceive high spatial frequencies degrades rapidly under low luminance conditions.

ln other words, the shifting in the CSF due to reduced display lurninance means that, in general,

lower luminance displays require greater modulation for equal discriminability (Snyder, 1985b).

Another factor affecting the CSF is the effect of viewing distance on the eye. As illustrated in

Figure 9, contrast sensitivity for any particular spatial frequency has been shown to increase as

viewing distance increases (Watanabe, Mori, Nagata, and Hiwatashi, 1968). Also, as illustrated in

Figure 10, small irnprovements in "1imiting resolution" occur beyond viewing distances of l m and

can continue beyond distances of 3 m (DePalma and Lowry, 1962). Although the improvements

A
57



I.0 _

0.5

FIELD SIZE = 3 5 DEG
Q LUMINANCE = 3 50 CD/M2 I! II- 1Ü.I_ // I
D 4 ll ll

0.05 ESTIMATED / [
E 90% I [

. POPULATION [I ‘
[" LIMITS /1 1

I- / [I‘é’ 1’ ’
Q: 0.0I4I-Z

xx /1 [Ü 0.005
‘„__,z

[

(J0.00I 4O.I 0.5 I 5 IO 50 IOO
SPATIAL FREQUENCY , CYCLES PER DEGREE

Figure 8. The human visual contrast sensitivity function (from Snyder, 1980).

58



I.0 _

0.5

A GRATING ORIENTATION= HORIZONTAL
Z MEAN LUMINANCE= 34.3 CD/M2 ‘
O
F· <I 0.I
..1

3
O 0.05

E vuswnuc
_ DISTANCE, CM .

’

I-
Qf) .

§ o.o• . 84
Q ¤66
O 0.005U Äciiä

. 420
0.00I

0.I 0.5 I 5 I0 50 I00
SPATIAL FREOUENCY, CYCLES PER DEGREE

Figure 9. The effect of viewing distance on the contrast sensitivity function (from Watanabe et al.,
l968).

59



[JJ .
uJ
(I ° —
(9 90
uJ
O
\
(D 80
uJ

as'* 7° /°U· /• l
Z 60 '[__ •

2 so /O „•
cx 40 I(9 • I

.

50
3 0 I 2 3

· _ VIEWING DISTANCE ,

METERSFigurel0. The effect of viewing distance on Iimiting spatial frequency of sine-wave grating (from
DePaIma and Lowry, l962).

60



appear small, they are nonetheless noteworthy. Furthermore, it is important to point out that the

resultant effect of these improvements in the visual system on image resolution will be different for

different types of imagery. This may be especially true for symbol segments with different

luminance profiles and edge sharpness (e.g., square-wave-shaped LCD technology segments versus g
Gaussian-shaped plasma technology segments).

Knowledge regarding the human CSF is critical to the study of legibility since the CSF can be

used as representative of the contrast requirements of the eye with respect to displayed imagery.

As explained in the following section, concems regarding the perception of high spatial frequencies

are important because the presence of such spatial frequencies contributes to the resolution and

perceived sharpness of displayed imagery. Edge sharpness is considered critical in image quality
l

since classic vision research has shown that contrast is judged not across the width of an image (or

symbol), but rather across its edge Lamar, Hecht, Hendley, and Shlaer, 1948; Lamar, Hecht, Shlaer,

and Hendley, 1947.)

Vision and Age

A significant concem regarding visual displays and the target user population is the differences

in visual capabilities that exist in relation to age. A variety of changes occur as the human eye _

grows older, typically leading to a general reduction or degradation in visual capability. However, -

there are individual differences in the degree of reduced capacity and some areas of visual func-

tioning may be more affected than others. The changes that occur as eyes grow older are especially

important when designing systems that are intended for public use. In the present display legibility

research, with its emphasis on the visual system, such changes and information are critical. As a

result, the most relevant issues and considerations are briefly stated below.

An excellent source on the subject of vision and aging is that provided by Sekuler, Kline, and

Dismukes (1982). The major changes in human vision that occur as alresult of age include the

following:
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1. Prorninent reduction in pupillary diameter (Kumnick, 1956; Weale, 1961) resulting in a marked

attenuation of light reaching the older retina. Birren (1959) reports a reduction in maximum ‘

pupil diameter from about 5.2 mm at age 20 to about 3.2 at age 89.

2. Marked decrease in accomrnodative power (i.e., loss in tlexibility of the lens of the eye resulting
_

in presbyopia, the failure of the lens to focus during near vision).
V

3. Increased sensitivity to glare, especially after age 45 (Fisher and Christie, 1965; Sturgis and

Osgood, 1982; Wolf, 1960).

4. Increased opacity (i.e., yellowing) of the lens. j

5. Loss in contrast sensitivity at spatial frequencies of 2 c/deg and higher (Kline and Schieber,

1982).

As mentioned above, the reduction in visual capabilities as a result of age varies among indi-

viduals. Kline et al. (1982) point out that some people experience severe deterioration of vision

with age, and virtually everyone must adjust to some reduction in visual functioning as he or she

gets older. Overall, visual sensitivity is reduced with age. One of the major sources of reduction

in vision as a result of age occurs in the lens of the eye. Changes in the lens affect the amount and

wavelength of light passed to the retina. As the eye ages, the human lens becomes progressively

more yellow and opaque, resulting in less light admitted to the retina. Weale (1982b) claims that

only an estimated 33% of the light available to the eye of a younger person reaches the retina of a

60 year old.

The ability to visually resolve fine detail (i.e., visual acuity) is one of the most frequently men-

tioned capabilities of the human eye that changes with age. As pointed out above, there is also a

prominent reduction in the maximum diameter of the pupil of the eye (rniosis) as a result of age.

Further, the macula lutea, the most sensitivie section of the retina containing the fovea and most

of the light sensitive receptors, degenerates with age. These facts, coupled with the loss in
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transmissivity of the lens, can atfect acuity, contrast sensitivity, color vision, and the ability of the

eye to change its adaptative state.

This information regarding vision and aging retlects the strong possibility that older members

of the population may possess reduced visual capabilities compared to the remainder of the popu-
I

lation. It was determined that experimental investigation would be required to identity whether the

ditferences in visual capabilities would significantly atfect the performance of older users in the

present research.

MEASURES OF IMAGE QUALITY

The analytical summary of past legibility research involved the examination of numerous in-

vestigations that attempted to derive measures and determine the effects of various display param-

eters on legibility. In addition to these efforts, a great deal of research has examined the relationship

between image quality metrics and many of these same display parameters. Probably the most

commonly used measures of image quality are based on the modulation transfer function (MTF).

This section provides a brief overview of concepts basic to display characterization and image

quality measurements. Included is a description of the MTF and MTF-based metrics as they relate

to display characterization measurements and the human visual system. The discussion focuses

primarily on the use of the MTF as a technique for describing image quality. For a more detailed

explanation of the concepts and measurement of image quality based on the MTF, see Snyder

(l985b; 1988a).

The two types of measurements most commonly used in display characterization are luminance

and radiance. Lurninance is a physical correlate of brightness and, as defined earlier, is measured

in SI units of candelas per square meter, or nits. A photometric measurement system is used to

collect the desired information regarding the luminance and spatial properties of displayed imagery. ‘

Spectroradiometric measurements describe the radiant power as a function of wavelength and are
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quantiiied in units of microwatts per square centimeter per nanometer per steradian (solid angle).

A radiometric measurement system involving a monochrometer is typically used to collect the de-

sired information regarding the radiant energy properties of displayed imagery.

In general, the MTF as an image quality metric has been used as a descriptive measure of a
U

display system’s spatial frequency response. Further, it has also been used to describe those aspects

considered critical to an image, namely, the effects of spatial frequency and contrast. An extention

of the MTF metric, the area under the MTF (MTFA), has been used to relate the MTF of an

imaging system to the detection threshold function (i.e., the CSF) of the human eye. Development

and use of the MTF and MTFA as image quality measures is based on the concept that compo-

nents of the human visual system function in a manner similar to a Fourier analyzer. A variety of

display and vision research efforts exist which supports this concept, namely, the separation of the

component spatial frequencies of displayed imagery for visual processing (Campbell and Maffei,

1974; Campbell and Robson, 1968; Kelly, 1977).

The MTFA concept is illustrated in Figure ll, and is defmed as the area between the MTF and

the contrast threshold function (CTF), between zero spatial frequency and the crossover frequency

of the two curves. The CTF is the inverse of the CSF and indicates the degree of sensitivity of the

visual system to a particular spatial frequency. The crossover spatial frequency is the 'limiting re-

solution' of the imaging system. Images containing spatial frequencies higher than this "limiting

resolution" are beyond the resolving capacity of the human visual system and provide no additional

benefit or information. Spatial frequencies below the crossover frequency contribute to the resol-

ution of the displayed imagery and are perceived by the human visual system. Applied in this

fashion, the MTFA describes the detection capability of the human observer in relation to a par-

ticular display (Snyder, 1985b). In recent past research, MTFA measures have been found to be

highly correlated with perceived image qualtiy and a number of human performance tasks.

In general, the literature relating image resolution to observer performance reveals that per-

formance irnproves with increases in resolution. In addition, several studies have demonstrated that

u
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the closer a (dot-matrix) stroke or line approximates a solid line, the better the legibility (Snyder,

1980). However, it should be pointed out that the MTFA concept relates primarily to the sharp-

ness and contrast of a displayed image and does not directly indicate the degree of legibility associ-

ated with the displayed symbols. .

Typically, a microphotometric scanning system is used to collect measurements for calculation

of the MTF and MTFA, in tum leading to the deterrnination of the level of image quality and re-

solution associated with various displays. This type ofmeasurement system is employed to measure

displayed imagery in greater detail than the human eye is capable ofperceiving. A common practice

for determining the MTF of a CRT display involves the measurement of the line spread function

(LSF). The LSF can be determined by scanning an aperture across a single stroke or vertical line

that is one pixel or stroke wide as written on the display. From the horizontal scan, the changes

in luminance as a function of distance describe the LSF. The Fourier transform of the LSF yields

the MTF.

In general, the rnore narrow the LSF for a CRT display the better the image quality. A narrow

LSF will have larger modulation values at higher spatial frequencies, whereas a wider LSF is asso-

ciated with reduced modulation at higher spatial frequencies. I—Iigh spatial frequencies are important

in that they contribute to the sharp edges of a displayed image. As modulation decreases at these

higher spatial frequencies so do the resolution and perceived sharpness of the displayed imagery.

Additional factors affecting the resolution of displayed imagery include the intensity of the am-

bient illumination and the use of so·called anti-glare filters. Intense levels of arnbient illumination

reduce Contrast and anti-glare filters tend to reduce the amplitude (luminance) of the LSF or spread

the LSF. Either condition will essentially reduce the modulation across many of the spatial fre-

quencies of the MTF and result in reduced image resolution (Hunter, Reger, Farley, and Snyder,

1985).



A second method used to determine the MTF involves scarming the slit aperture across a knife

edge written on the display. This can be done by turning on a large area of pixels or strokes. The

edge gradient is first differentiated to obtain the edge spread function, and then Fourier transformed

to obtain the MTF. Although this procedure is an altemative to the more common LSF-derived

MTF, some unique difficulties exist in the practical use of this technique.
_

The main problem associated with the derivation ofedge-derived MTFs is that any noise present

in the edge gradient measurement is radically magnilied when the scan is differentiated to provide

an impulse-like edge spread function. Further disruption of the spread function results when con-

secutive data points in the photometric scan are not consistently increasing or decreasing. In gen-

eral, the result is an extremely noisy LSF that is effectively useless. Consequently, the pursuit of

edge-gradient derived MTFs is not as popular as the LSF technique ar1d is not considered as an

altemative for the present research.

Legibility Prediction for Visual Displays
l

One of the more successful research efforts employing image quality measures to assess legibility

is that of Snyder and Maddox (1978). Snyder and Maddox attempted to develop a predictive

equation for information transfer associated with dot-matrix addressed displays. Specifically, they

attempted the prediction of Tinker passage reading time(s) and menu search time(s) as a function

of horizontal and vertical image quality variables. Their pool of predictor variables included 20

such variables primarily based on spatial frequency and MTF measurements. The predictive

equations developed by Snyder and Maddox (1978) are presented in Table 3.

As indicated, the extended predictive equation for Tinker speed of reading time(s) accounted for

approximately 53% of the variance present in the data and the equation for menu search time(s)

accounted for about 50%. Although, at the time (1978), these equations represented the best em-

pirically derived image quality measures for digitally addressed displays, they represent only mod-

erate success with respect to regression model-building. What is of primary interest with respect to
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Table 3

Extended Prediction Equations (from Snyder and Maddox, 1978)

Tinker Sgeed of Reading Task: °

Adjusted
Reading Time(s) = 5.74 + O.3111(HFREQ) + 2.379(HMOD) +

4.365(HLOG) - 14.973(HFLOG) + 1.112(VMLOG)
R2 = 0.525

Menu Search Task:

Search Time(s) = 7.27 + 0.027(HDIV) + 2.159(HLOG) +
5.9l6(VFLOG) - O.339(VMTFA) -
0.054(VRANG) + 5.487(VMLOG)

R2 = 0.500

HFREQ = horizontal fundamental spatial frequency (c/deg)

HFLOG = base 10 log of HFREQ

VFLOG = base 10 log of the vertical fundamental spatial
frequency (VFREQ)

HMOD = modulation of HFREQ

HDIV = HFREQ divided by HMOD

HLOG = base 10 log of HDIV

VMTFA = vertical pseudo-modulation transfer function area

VMLOG = base 10 log of VMTFA

VRANG = crossover frequency minus fundamental frequency
(in the vertical dimension)
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Snyder and Maddox’s research is that almost all of the predictor variables in the final equations are

either modulation, MTF, or MTFA-related quantities. Clearly, these image quality measures are

meaningful with respect to displayed alphanumerics.

More recently, Hunter (1988) attempted the prediction of search time(s), Tinker speed of reading
_

time(s), and perceived image quality ratings using both MTF-related image quality measures and

noise measures (e.g., signal-to-noise measures, a gloss measure, and a reflectance transfer function

measurement). Although the measurements collected by Hunter (1988) served to characterize the

effects of glare and anti-glare treatments on image quality with CRTs, efforts at modeling human

performance were only moderately successful. Overall, less than satisfactory prediction was

achieved with the search time and Tinker speed of reading time task performance. However, a
I

greater degree of success and prediction accuracy was achieved with the perceived legibility rating

data. In the end, the success of Hunter’s (1988) investigation is reflected in the use and development

of several good image quality and noise measures to characterize the effects of ambient illumination

and glare suppression techniques for CRT displays.

A Discrete Element Image Quality Mearure

In regard to the discussion on image quality measures, it is important to recognize that there

are several different types of imagery. The original MTF and MTFA concepts are based on a linear

systems approach (with several underlying assumptions and necessary conditions) which is most

applicable to spatially continuous image measurement (i.e., photographs). The approach has been

broadened in an effort to relate these concepts to spatially hybrid images such as those found with

CRTs. In the case of fixed element, flat-panel display symbology, such spatially discrete imagery

violates several of the necessary conditions for application of Fourier analysis and the MTF-related

concepts.

In an effort to gain information related to the image quality associated with flat·pane1 displays,

modified versions of the MTF and MTFA measures were developed for the present research. The
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modified MTF-related measures involved the photometric measurement of a single symbol element

on a flat-panel display. This type of measurement provided a luminance profile, or essentially an

LSF, of the symbol stroke width. The Fourier transforrn of the stroke·width measurement resulted

in what is referred to as a stroke-width MTF. The summcd area under this stroke·width MTF is _
called the area under the strokc-width MTF (ASWMTF). This type of measurement was used to

address changes in image quality due to ambient illurnination. A further modification of this

measurement was used ir1 the collection of display characterization measurernents. This new,

modified measure involved an attempt to incorporate the MTFA concept through the summation

of the area between the stroke-width MTF and the human CTF. This quantity is referred to as the

stroke-width MTFA (SWMTFA). Calculated in this manner, the SWMTFA is intended to ap-

proximate the detection capability of the human observer in relation to the displayed symbol ele-

ments of a particular flat-panel technology.

Unfortunately, for a variety of reasons, caution is strongly indicated in applying the LSF-derived

MTF measurement technique to flat-panel displays. In fact, it must be remembered that the

ASWMTF and SWMTFA measures are not considered true MTFs, only as attempts at developing

describing functions for discrete element image quality measurement. As described earlier,

LSF-derived MTFs are commonly used to characterize the resolution capabilities of raster-scan

display technology (i.e., CRTs). CRTs with reasonably good resolution typically yield Gaussian-

shaped LSFs approximately 0.2 to 0.5 mm wide. The candidate flat~panel display technologies re-

presented in the present study have symbol elements that range in width from approximately 0.5

mm to 2.2 mm and tend to have extremely sharp edges that yield square-wave shaped (step

impulse-like) LSFs. Whereas a narrow LSF may indicate better image quality for the CRT, the

same is not true for the flat-panel display. A narrow strokc width is non-optimal for the flat-panel

display (even though it might yield greater MTFs) in light of the recommendation for symbols with

a stroke width-to-height ratio of 20%. Rather, a wide stroke with sharp edges, represented by an

MTF with substantial high spatial frequency content, is more meaningful. What is indicated is the ·

use of the edge gradient-derived MTF (unaffected by stroke width) to obtain a more accurate
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measure of edge sharpness. Unfortunately, as mentioned above, this technique was found ineffec-

tive compared to the straight forward LSF-derived MTF and could not be meaningfully employed

in this research.

An additional constraint is the fact that the photometric measurement made across the entire
S

stroke width of the fixed element tends to limit the resultant MTF. In many cases, the derived

MTF will follow a "bouncing" pattern in which modulation reaches zero at spatial frequencies

equal to the reciprocal of the stroke width (i.e., l/sw) and multiples of this quantity (e.g., 1/2(rw),

l/3(sw), etc.) As a result, the MTF is affected and driven to zero modulation in a predictable, re-

petitive fashion at important low spatial frequencies (even though the presence of some high spatial
_

frequencies is evident). This effect results in a further reduction of the calculated ASWMTF

quantity.

A final concem has to do with the scalar adjustment made to the calculation of the ASWMTF

V and SWMTFA to reflect changes due to viewing distance. ' Since the numerals on the candidate

flat-panel display technologies are of fixed height, subjects will be required to view them from var-

ious distances in order to collect data on variation in symbol subtense. As described earlier, in-

creasing the viewing distance tends to increase slightly the perceived sharpness of an edge. This

adjustment will result in an increase in the ASWMTF and SWMTFA. However, this increase is

misleading and, in fact, counter—indicative since the same increases in viewing distance will result in

a reduction in vertical symbol subtense. As strongly evident from the legibility recommendations

based on past research, decreases in symbol subtense are associated with a reduction in legibility.

In this way, the MTF-related measures will indicate an irnprovement when there is actually a re-

duction in legibility. —

Despite these and other limitations discussed, the decision was made to retain the modified V
MTF-related measures in an effort to address flat·panel display image qualtiy. Although the logic

behind these modified MTF-related measures is reasonable to a certain degree, their usefulness in

Y 71



representing aspects of legibility linked to the displayed image quality of flat-panel technologies is

suspect and, as yet, unproven. 4

n
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METHOD

SUBJECTS

Task performance and subjective data were collected from a total of 14 subjects in two groups -n
of seven subjects (four females per group). One group was representative of an age 18 to 30 group

(ages ranged from 19 to 25 with a mean of 21) and the other group was representative of an age

50 to 70 group (ages ranged from 51 to 70 with a mean of 61). All subjects were screened for the

following: (1) near and far visual acuity and normal vertical and lateral phoria using a Bausch and

Lomb Orthorater, (2) normal visual contrast sensitivity for near and far vision as measured by the

contrast sensitivity tests (and associated criteria) manufactured by Vistech Consultants, Inc., and

(3) normal color vision. No tinted or "photogray" glasses were permitted.

The only visual criteria and screening techniques that differed between the two age groups were

those for acuity and color vision. The criterion for acuity was 20/20 or corrected to 20/20 for the

age 18 to 30 group and 20/40 or corrected to 20/40 for the age 50 to 70 group. Color vision for the

age 18 to 30 group was tested using the Bausch and Lomb Orthorater (rejection criterion was one

miss) while the age 50 to 70 group was tested using Dvorine Psuedo-Isochromatic Color Plates

(rejection criterion was one miss). In general, the above diiferences in visual screening techniques

rellect a relaxing of the criteria for the age 50 to 70 age group. Further, the requirement for (cor-

rected to) 20/40 visual acuity would include over 95% of the U. S. population aged 18 to 64

(Shurtleff, 1980).

Each subject was required to participate in daily experimental sessions conducted on seven

consecutive days (one subject in the age 18 to 30 group required eight days). Each participant was

paid $5.00 per hr plus a $10.00 bonus for completing the experiment.

73
l



EQUIPMENT

The experimental equipment consisted of four main components: (1) the candidate display

technologies, (2) the variable intensity daylight simulator (VIDS), (3) the two degree-of·freedom

(DOF) (i.e., horizontal and vertical) display viewing stand, and (4) the legibility data collection
_

system. Arrangement of the experimental equipment is illustrated in Figure I2. Each of these

components is described in detail below.

The Candidate Display Technologies

The candidate display technologies included the following seven electronic flat-panel display

technologies: (1) an orange·colored raised-cathode plasma panel (RCP) manufactured by Babcock

Display Products, (2) an orange·colored screened-image plasma panel (SIM) manufactured by

Babcock Display Products, (3) a high-intensity, red light ernitting diode display (LED) composed

of individual red HDSP-Hl0l seven-segment displays manufactured by Hewlett Packard, (4) a

blue—green vacuum fluorescent display (VFD) produced by Nippon Electric Co, Ltd., (5) a

nonernissive twisted nematic liquid-crystal display (LCD) manufactured by Hamlin, Inc., (6) a

nonemissive, matrix-addressed Hypertwist HTD-1281 liquid·crystal display (HTLCD) manufac-

tured by Tektronix, Inc., and (7) an orange-colored transflective (backlit) liquid crystal display

(TFLCD) manufactured by ALPS, Inc. Except for the matrix-addressed HTLCD, the remaining

six candidate displays are seven-segment, discrete-element devices.

The seven display technologies are illustrated in Figure 13 through Figure 19. In all instances

of display use, the above technologies were coupled with a particular filter or a protective first-

surface material. The same spray—on (frosted), "smoke-green" plastic glare filter was used with the

RCP, SIM, and VFD. The same clear lexan protective filter was used with the LCD and HTLCD.

A special louvered, "notched" (red-colored) filter was used with the LED, and a spray-on (half-

frosted), lexan glare filter was used with the TFLCD. In all cases, the specific filters were designated

by the research sponsor. However, it is pointed out that the selection and coupling of a filter with
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1 = Variable Intensity Daylight Simulator

2 = Two-DOF Horizontal-Vertical Display Stand

3 = Legibility Data Collection System
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6 = Subject's Response Button
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Figure I2. Arrangement of the experimental equipment.
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Figure l3. The raised cathode plasma panel display (RCP).
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Figure I4. The screened image plasma panel display (SIM).
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Figure l5. The high-intensity red light emitting diode display (LED).
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Figure I6. The vacuum Iluorcsccnt display (VFD).
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Figure l7. The twisted nematic liquid-crystal display (LCD).
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a display was based on both common practice for certain display technologies (e.g., clear filters in

front of nonemissive displays) and because the resultant display·filter combination more accurately

represented realistic display candidates under the simulated conditions ofinterest. Further, it should

be remembered that throughout the remainder of this report, whenever reference is made to one

of the display technologies, it is the specific disp1ay·fi1ter combination that is denoted.

The Variable Intensity Daylight Simulator

The variable intensity daylight simulator (VIDS) apparatus consisted of: (1) three 1-kW, 15-cm,

variable focus (15 deg to 40 deg), ellipsoidal Lekolite theatre lamps manufactured by Strand

Lighting, Inc., (2) appropriate l-kW FEL lamps with a color temperature of 3200 K, (3) a ·

two-DOF elevation/azimuth lamp support structure made of welded, 5-cm steel square tubing, (4)

a four-channel Dual Master Lighting Controller (Model 1205) manufactured by ETA Inc., (5) a

four-channel, 4-kW capacity (1 kW per channel) Dirnrner Pack (modified Model 1251) manufac-

tured by ETA Inc., and (6) appropriate color temperature conversion absorption filters manufac-

tured by Rosco Inc. to sirnulate the desired chromaticities of daylight. The VIDS apparatus is

illustrated in Figure 20.

A rectangular, 156-cm by 184-cm foamboard facade covered with gray matte board (50%

reflectance) was constructed and secured to the front facing of the VIDS support structure. This

provided a flat field representative of an "average" reflectance field scene. The central section of the

facade was removed to perrnit access to a display device when attached to the two-DOP display

viewing stand. The three 1-kW lamps were bolted to a cross-beam at the end of the VIDS

elevation/azimuth support structure and directed at the front facade. Each of the lamps was prop-

erly located to provide direct illumination of a display device when mounted to the viewing stand.

Through careful adjustment of the variable focus lamps, an area approxirnately 18 cm in diameter

of relatively uniform illumination (within approximately 5% variation) was created and centrally

located at the exact intersection of the VIDS elevation/azimuth DOFs. A larger area of illumi-

nation, approximately 70 cm in diameter, surrounded the central, more intense area of illumination.
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A series of radiometric measurements was performed to calibrate the illumination provided by

the VIDS apparatus. These measurements are presented in Appendix A and verify that the desired

simulated phases of daylight illumination had CIE 193l (x,y) chromaticity coordinates exactly on

the blackbody or "daylight" locus. The desired intensities of illumination were calibrated (to within _

5%) and continually verified throughout the experiment using a Minolta Illuminance Meter T-l.

The Two-DOF Display Viewing Stand

The two-DOF display viewing stand was attached to and precisely located within the VIDS to

permit both horizontal and vertical rotation of the display area of a mounted candidate display

device. When properly mounted, the candidate display could be rotated about the exact inter-

section of the VIDS elevation/azimuth DOFs. Such rotations allowed for the accurate location

of the display relative to the subject and permitted the simulation of horizontal viewing angles

ranging from normal to the display to plus and minus 60 deg off normal (marked in 15-deg incre-

ments) and vertical viewing angles ranging from normal to the display to plus and minus 20 deg

from normal in l-deg increments. The precise location of the candidate display device permitted

the presentation of multiple viewing angle arrangments while maintaining the incident angle and

intensity of illurnination.

A special removable display facade was constucted of the same foamboard and gray matte board

materials as the front facing facade. This display facade had a viewing window centrally located

where the appropriate flter for each display was attached. A black—paper facing (10% reflectance)

with a small display area window was applied to each of the filters used in the experiment. Once

fitted to the display viewing stand, the display facade permitted unobstructed viewing of displayed

numerals and movement of the mounted display independent of the VIDS facade. Two high-

output "whisper" fans were attached to the VIDS behind the facade and forced cooler air across the

meeting of the filter and display to facilitate dissipation of any heat build-up due to infrared radi-

ation from the intense illumination sources. _
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The Legibility Data Collection Syitem

The legibility data collection system consisted of: (1) an IBM PC/AT with a Data Translation

2806 timing board installed, (2) a Tektronix TM504 oscilloscope (with special components to op-

erate the HTLCD), (3) a positionable response button mechanism attached to an extention of the
A

arm-rest of the subject’s chair, (4) an electronic interface box linking the computer to both the re-

sponse button and the candidate displays, and (5) appropriate numeral generation and data col-

lection software custom-designed to operate each display technology.

EXPERIMENTAL DESIGN

Fourteen subjects viewed each of the seven flat·panel display technologies under four intensities

of illumination at five symbol subtenses and combinations of three horizontal and two vertical V

viewing angles. Thus, each subject viewed each display under 120 different viewing conditions.

The subjects performed a simple four-digit numeral identification task in which reading speed (RS)

and identification accuracy (ACC) were recorded. For six of the seven displays, each subject per-

formed four trials of the numeral identification task for each of the 120 experimental viewing con-

ditions. Due to a heat absorption problem with the HTLCD display under intense illumination,

each subject performed three trials of the numeral identification task for each of the viewing con-

ditions. By this method, 3240 trials were collected per subject, 22,680 trials per group, and 45,360

trials in total.

The overall experimental design was a six-factor (age by display by symbol subtense by illumi-

nation by horizontal viewing angle by vertical viewing angle) mixed factorial design. Age was

treated as a between-subjects factor and display, symbol subtense, illumination, and both horizontal

and vertical viewing angles were treated as within-subjects factors. The age factor had two levels

represented by an age 18 to 30 group and an age 50 to 70 group. The display factor had seven levels

represented by the seven different display technologies: (1) RCP, (2) SIM, (3) LED, (4) VFD, (5)

LCD, (6) HTLCD, and (7) TFLCD. The symbol subtense factor had five levels represented by

I
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10, 15, 20, 25, and 30 minutes of vertical visual arc. The illumination factor had four levels re-

presented by the following intensities (and color temperatures): (1) a moderate intensity, fluores~

cent, indoor/office level of 0.5 klx (4100 K), (2) a simulated, low sun angle, early morning/late

aftemoon daylight of 10 klx (2700 K), (3) a simulated average noon-time daylight of 50 klx (4550

K), and (4) a simulated maximum noon-time daylight of 100 klx (5000 K). The horizontal viewing

angle factor had the following three levels represented by three viewing angles perpendicular to the

display: (1) 0 deg or on-line, (2) L45 (off·axis 45 deg to the left), a.nd (3) R45 (off-axis 45 deg to the

right). The vertical viewing angle factor had two levels represented by two viewing angles perpen-

dicular to the display: (1) 0 deg or on-line, and (2) minus 15 deg (i.e., below horizontal). The latter

condition simulated a reflected glare viewing situation and is referred to as the 15-deg/glare condi-

tion.

Peqformance Mearures

Two legibility performance variables were measured: RS and ACC. RS is the reciprocal of

reading time (RT) in s and actually indicates the number of four-digit numeral strings read per s.

RT, measured with a resolution of 1 ms, is the elapsed period of time from the presentation of the

numerals to their extinction by the subject. ACC was calculated as the ratio of correctly identified

numerals to the total number of numerals presented per trial.

Subjective Measures

Two types of subjective measures of legibility were recorded in the experiment: legibility ratings

and overall display legibility rankings (see Appendix C). The legibility ratings were collected for

each display technology using a nine-point interval scale that ranged from "worst imaginable" to

"best imaginab1e." Ratings were stated verbally by each subject for each of the 24 viewing condi-

tions at a symbol subtense of 20 minutes of visual arc. The legibility ratings were requested im-

mediately after the numeral identification task trials had been completed for each individual viewing

condition. This particular nine-point interval rating scale has been used successfully by Beaton,
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Murch, and Knox (1985), Hunter (1988), and Hunter, Pigion, Bowers, and Snyder (1987) in the

collection of subjective ratings of image quality. ‘

It was not considered meaningful or beneficial to collect the legibility ratings at every symbol

subtense. A vertical symbol subtense of 20 minutes of arc was selectedlsince both 10 and 15 min-
l

utes of arc are below the recommendation for workstation terminals published by the Human

Factors Society Inc. (1988). Selection of 20 minutes of visual arc met the above recommendation

and supported the concept that judgrnents for the ratings would be based on legibility and image

quality unaffected by contamination due to inadequate symbol subtense. Further, under "good"

viewing conditions, legibility parameters should be distinguishable in their effects at this subtense

(see Figure 4).

The second subjective measure involved ranking the seven displays on overall legibility. This

ranking was performed by each subject at the end of the seventh and final session. Subjects were

shown photographs of the seven displays (pictured under favorable on-line viewing conditions) to

assist in their recall of the different displays. Each subject was asked to rank the displays from best

to worst according to overall legibility, keeping in mind all the viewing conditions they had seen.

Numeral Identyication Task

In the numeral. identification task, subjects were required to correctly identify the individual

numerals of a four-numeral string. After the desired experimental viewing condition was arranged

(i.e., illumination intensity, viewing distance, viewing angles, etc.) the seated subject was prompted

with a tone to begin a trial. Using the response button provided, subjects initiated a trial by de-

pressing the response button which caused four randomly selected numerals to be displayed on the

candidate display assigned for the experimental session. Subjects were required to read the four

numerals displayed as accurately and quickly as possible. Having done so, the subject released the

response button (which ended the trial) and verbally identified each of the four numerals to the

experimenter.
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When the response button is released, each numeral is replaced with the numeral eight for a

period of 250 ms and then cleared from the display. This procedure was followed to inhibit any

visual after-images that might facilitate recall of the numerals. For each trial, the correct response

(i.e., the digits actually displayed) was automatically recorded by the computer while both the —

subject’s response and the number of digits correctly identified were entered by the experimenter.

In addition, the subject’s RT was automatically recorded by the data collection software (i.e., the

time in ms between the depression a.nd release of the response button or the time during which the

numerals were displayed).

Experimental Procedure '

Subjects who met the visual screening criteria and agreed to participate in the experiment were

scheduled for seven experimental sessions. Each subject viewed a different candidate flat-panel

display technology per day for seven consecutive days. The order of display presentation was

structured using a Latin-square design which served to reduce possible systematic learning effects.

Each daily session consisted of five 25-minute subsessions (followed by a 5-min rest period) and

required 2.5 hr to complete, resulting in a total of approximately 18 hr per subject.

Introduction —

At the beginning of the first experimental session, each subject was seated and then read and

signed the Informed Consent Form (see Appendix C). The height of the experimental chair was

adjusted until the subject’s eye height was 122 cm above the floor. Eye height was measured at the

inside comer of the eye in accordance with the definition provided by Van Cott and Kinkade

(1972). This eye height matched the exact height of the center of the display area and the precise

intersection of the VIDS elevation/azimuth DOFs. At the beginning of each subsequent daily

session, the appropriate eye height for the seated subject was checked and verified.
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The instructions describing the numeral identification task were then provided to and read by

each subject. A copy of these instructions is provided in Appendix C. The instructions described

the nature and requirements of the numeral identification task and how the experimental sessions

were arranged. Speed and accuracy were both stressed as important factors in the performance of Ä
the reading task. After reading the instructions, any appropriate questions regarding the task or the

experiment were answered by the experimenter.
l

Training Session

In the first experimental session, subjects were trained to perform the numeral identification task

by completing two blocks of 50 training trials each. The results of pilot subjects’ responses had ‘

indicated that approximately 100 trials were required for initial task training times to reach an

asymptotic, stable level. Subjects performed the training trials under 0.5 klx fluorescent lighting

while viewing the display in the 0 deg horizontal and 0 deg vertical configuration. No feedback

was given regarding the accuracy of the responses and a short break was provided between training

blocks. If problems were observed by the experimenter or the subject performed any aspect of the

task irnproperly, appropriate comments and instructions were provided to correct the situation.

Upon completion of the training session, any further appropriate questions from the subject re-

garding the task or the experiment were answered. At the beginning of each subsequent daily ex-

perimental session, a block of 25 training trials was performed to re—farr1iliarize the subject with the

numeral identification task with each new display technology.

Data Collection

As mentioned earlier, each daily experimental session consisted of five 25—minute subsessions

and required approximately 2.5 hr to complete. One of the five symbol subtenses was randomly

assigned for each of the five subsessions and the subject’s chair was relocated accordingly. The

order of the four illumination intensities within each of the subsessions progressed from the lowest

intensity (i.e., 0.5 klx) to the highest intensity (100 klx). This was done to reduce the adaptation
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time required on the part of the subject (since light adaptation requires a maximum of 60 seconds

and dark adaptation significantly longer).

The six different viewing angle configurations (three horizontal by two vertical angles) were as-

signed for each of the four illurnination intensities within each subsession. The presentation order
l

of the viewing angle arrangements was determined in the following manner: (1) the vertical viewing

angles were randomly assigned between the first three blocks of trials and the second three blocks

of trials (i.e., the same vertical viewing angle occurred in the first three blocks of trials and the other

occurred in the second three blocks), and (2) the three horizontal angles were randomly assigned

within each group of three blocks of trials. The main reason for this assignment schedule was to

aid in reducing the time required to arrange successive viewing conditions. Each daily session had

been estimated to require from 3.5 to 4 hr to complete if a fully randomized viewing condition

presentation order were employed. Such extreme session durations were considered unacceptable

in view of possible fatique effects and the prolonged tedium.

For each subsession that involved the 20-min symbol subtense (for each subject and each dis-

play), the subject was required to provide a legibility rating after performing the numeral identifi-

cation task for that particular set of viewing conditions. Ratings were stated verbally by each

subject immediately after the numeral identification task trials had been completed for each indi-

vidual viewing condition. Upon completion of the last subsession of the fmal daily session, each

subject was requested to complete an overall display legibility ranking form. For this subjective

measure, subjects were shown color photographs of the seven displays to assist in their recall of the

different displays. Each subject was asked to rank the displays from best to worst according to

overall legibility keeping in mind all the viewing conditions they had seen. The subjects were re-

minded that the photograph was not intended as a representation of the particular display’s legibility

but merely as a image to rernind them of the different technologies they had seen. In addition, each

subject was instructed that they were not ranking the displays based on the legibility inferred from

the photograph, they were to base their rankings on their memory of how legible each display was

under the different conditions.
l
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Upon completion of the subjective display legibility rankings, the experimenter examined the

rankings data sheet and asked the subject to describe what criteria was employed in making their

selections. After this discussion, the experimenter verbally debriefed each subject and explained the

research objectives and potential applications associated with the experiment. After answering any _

further questions, each subject was paid, thanked for his or her participation, and then dismissed.
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ANALYSIS AND DISCUSSION OF RESULTS

In the course of data collection, two participants were dismissed prior to completion of the

seven sessions and replaced. One participant was dismissed after the first subsession ofthe frrst daily

session due to a literacy problem which interfered with acquiring an understanding of the task in-
A

structions and rendered specific subjective responses uncollectable. A second participant exhibited

and complained of diminished visual capacity in one eye during the third session which prevented

further involvement and required dismissal.
l

DATA CHECKING AND REDUCTION

Prior to statistical analysis, appropriate data checking and reduction procedures were performed

on the performance data collected during the experiment. First, all conditions and the correct order -

of assigned conditions for each subsession, daily session, and subject were checked and verified

against the original assignment schedule. Exact compliance with the original assignment schedule

was verified. Second, all trials in which the designated failure code appeared were deleted. The

failure code represented a null trial in which either mechanical failure occurred (e.g., switch failure)

or the subject had indicated a performance failure (e.g., loss of attention, daydreaming, finger

slipped off the switch during trial, etc.). Third, consistent with techniques employed in previous

legibility research (Snyder and Maddox, 1978), a maximum RT of 10 s was set prior to exper-

imentation. As a result, all trials with a RT greater than 10 s were recoded for a time of 10 s.

Finally, all trial blocks were checked for the correct number of trials. No missing data was found.

In unique instances where more than the appropriate number of trials were recorded, the additional

trials were deleted; only the first four (three for the HTLCD) trials were retained.
4

At the conclusion of the data checking procedures, the complete data set contained a total of

45,360 trials. Appropriate data reduction procedures were performed using SAS (1985). The indi-

vidual trials within each block were combined to form mean scores for each subject on each of the

840 experimental conditions. This yielded a final data set of 11,760 mean RT scores, with 5880 data
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points per age group. Consistent with past legibility research, the RT performance measure was

converted into the RS quantity (i.e., the reciprocal of RT in s indicating the number of four·digit

numeral strings read per s) to provide both a more meaningful and normally distributed measure

of performance. At the same time, the original mean RT values were retained in the data set. _

CORRELATION OF PERFORMANCE MEASURES

As pointed out in the section on Past Legibility Research, Snyder and Taylor (1979) found a

strong negative correlation between the dependent measures of RT and ACC (r = -0.97). In ad-

dition, they found that the ACC variable indicated a slight increase in sensitivity over that of RT.

As described below, essentially identical findings were revealed in the present study.

Individual Pearson product-moment correlations were calculated between RT and ACC per-

formance data for each age group (n = 840). Equally strong negative correlations (to those found

by Snyder and Taylor, 1979) were found between the two measures for each group (r = -0.95 for

the age 18 to 30 group and r = -0.96 for the age 50 to 70 group). In addition, essentially identical

sensitivity between RT and ACC was found. For ACC, 58 statistically significant effects were

found as compared to 59 for RT at virtually the same level of signilicance in every case. Further,

the maximum RS scores were compared to those reported in Lippert (1984, 1985) and were also

found to be essentially identical (i.e., approximately 2.3 to 2.5 for subjects of similar age). In

comparison, these facts serve to lend additional validity to this legibility investigation by virtue of

replicated results.

AGE-RELATED DIFFERENCES

Individual ANOVAs were performed on the six-way, mixed factor, factorial design for the de-

pendent measures of RS and ACC. Due to the magnitude of the experimental design, the number

of observations (n = 11,780), and a limitation in the SAS statistical analysis software, all but four

(the highest-order interactions) of the 96 sources of variance were correctly computed for both de-
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pendent measures. Although incornplete, the results of the six-way ANOVAs identified the ex-

pected significant main effect of age for both RS (F(l,l2) = 21.95, p = 0.0005) and ACC (F(l,l2)

= 10.80, p = 0.0065). For RS, the mean performance for the age 18 to 30 group was twice that

for the age 50 to 70 group (2.0 versus 1.0 numeral strings/s). Clearly, these two groups are repre- _

sentative of (statistically) significantly different populations.

In general, the difference between groups is marked by reduced scores on both dependent

measures for the age 50 to 70 group. ln fact, as an examination of the illustrations of the data re-

vealed, the same basic shape and trends were evident for both groups, only, in all cases, the age 50

to 70 group’s performance was at a lower level. As planned, the full design and data set were split

according to the age factor and individual ANOVAs were performed on the five·way within-

subjects factorial design for each age group.

PREFERRED TASK PERFORMANCE MEASURE

Since the two dependent measures of ACC and RT (and consequently RS) were so highly

correlated, it was reasonable to select one as the preferred performance measure. As expected, an

examirration of the ACC group mean scores revealed that the self-paced nature of the numeral

identification task had yielded very high accuracy (98% correct overall for the 18 to 30 group and

94% correct overall for the 50 to 70 group). On the other hand, the RS scores revealed a broader

range of differences while still reflecting the same statistical results. As a result, the RS variable was

selected as the preferred dependent measure. Consequently, the following discussion of the

ANOVA results focuses on this performance measure as an indicant of legibility.

TASK PERFORMANCE RESULTS

This section presents the results of the statistical analyses performed on the RS performance

and subjective measures collected during the experiment. As mentioned above, the independent

variables had essentially identical main effects and higher—order interactions on RS and ACC.
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These effects also held consistent across both age groups. Since RS is the performance measure

of choice, only the results pertaining to this dependent variable are presented here. The summary

tables for the ANOVAs and Newman-Keuls tests for the ACC performance measure are provided

in Appendix B. _

The summary tables of the ANOVAs on RS for the age 18 to 30 group and 50 to 70 group are

presented in Table 4 and Table 5, respectively. Attention and discussion are concentrated on the

main effects, second-order, and third-order interactions. Beyond this level of interaction, interpre-

tation becomes complicated and of questionable utility. It is pointed out that the main focus of this

research effort is the derivation of legibility prediction equations. Although much can be learned

from the results presented here, complete description and interpretation of the statistical findings

down to the f'1fth—order interactions are not considered particularly beneficial.

The main effects and higher-order interactions are presented for both age groups in comparison.

This approach facilitates an understanding of the strong similarities and occassional differences be-

tween the results of the two age groups. Due to the size of the experimental design and the number

of significant effects, the results are briefly discussed in a logical progression from the main effects

down to the higher·order interactions. This approach is employed since it effectively reveals both

the meaningful and misleading aspects of several of the findings. lllustrations of the plotted mean .

values are provided for each effect and follow the same pattem of presentation.

Main Ejjfects

For both age groups, significant main effects on RS were found for display, symbol subtense,

illumination, horizontal angle, and vertical angle. These main effects a.re described below.
‘

‘ The main effect of display technology on RS for each group is illustrated in Figure 21. The

results of the Newman-Keuls tests for the two age groups are presented in Table 6 and Table 7.

The tests revealed that across symbol subtense, illumination, and both horizontal and vertical
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Table 4

Summary of the ANOVA on RS for the Age 18 to 30 Group

Source of Variance df MS F p

Subjects (S) 6 225.47

Display (D) 6 53.49 9.72 0.0001D x S 36 5.50
Symbol Subtense (SS) 4 66.73 19.05 0.0001SS x S 24 3.50
Illumination (I) 3 10.85 23.07 0.0001I x S 18 0.47
Horizontal Angle (H) 3 1.92 7.22 0.0087H x S 12 0.40
Vertical Angle (V) 1 18.08 53.29 0.0003V x S 6 0.34

D x SS 24 1.56 2.21 0.0022D x SS x S 144 0.70
D x I 18 14.83 38.50 0.0001D x I x S 108 0.39
D x H 12 8.22 34.38 0.0001D x H x S 72 0.24
D x V 6 2.27 19.61 0.0001D x V x S 36 0.12

SS x I 12 0.33 2.23 0.0187SS x I x S 72 0.15
SS x H 8 1.88 13.68 0.0001SS x H x S 48 0.14
SS x V 4 0.56 6.92 0.0007SS x V x S 24 0.08

I x H 6 5.24 38.72 0.0001I x H x S 36 0.14
I x V 3 2.30 15.13 0.0001I x V x S 18 0.15

H x V 2 6.30 45.57 0.0001H x V x S 12 0.14
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Table 4 (cout'd)

Summary of the ANOVA on RS for the Age 18 to 30 Group

Source of Variance df MS F p

D x SS x I 72 0.30 2.25 0.0001D x SS x I x S 432 0.13
D x SS x H 48 0.17 2.82 0.0001D x SS x H x S 288 0.06
D x SS x V 24 0.11 1.76 0.0225D x SS x V x S 144 0.06
D‘x I x H 36 0.51 7.56 0.0001D x I x H x S 216 0.07
D x I x V 18 0.38 4.00 0.0001D x I x V x S 108 0.09
D x H x V 12 1.25 14.95 0.0001D x H x V x S 72 0.08

SS x I x H 24 0.04 0.75 0.7973SS x I x H x S 144 0.05
SS x I x V 12 0.05 0.67 0.7710SS x I x V x S 72 0.08
SS x H x V 8 0.09 2.05 0.0594SS x H x V x S 48 0.04

I x H x V 6 0.61 15.71 0.0001I x H x V x S— 36 0.04

D x SS x I x H 144 0.08 1.67 0.0001D x SS x I x H x S 864 0.05
D x SS x I x V 72 0.08 1.33 0.0481D x SS x I x V x S 432 0.06
D x SS x H x V 48 0.08 1.96 0.0004D x SS x H x V x S 288 0.04
D x I x H x V 36 0.33 5.19 0.0001D x I x H x V x S 216 0.06

SS x I x H x V 24 0.07 1.56 0.0571SS x I x H x V x S 144 0.04

D x SS x I x H x V 144 0.06 1.52 0.0002D x SS x I x H x V x S 864 0.04

Total 5879
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Table 5

Summary of the ANOVA on RS for the Age 50 to 70 Group

Source of Variance df MS F p

Subjects (S) 6 34.85

Display (D) 6 23.48 17.95 0.0001
D x S 36 1.31
Symbol Subtense (SS) 4 66.92 44.59 0.0001
SS x S 24 1.50
Illumination (I) 3 7.34 37.69 0.0001I x S 18 0.20
Horizontal Angle (H) 3 2.99 16.72 0.0003
H x S 12 0.27
Vertical Angle (V) 1 7.99 76.94 0.0001
V x S 6 0.10

D X SS 24 0.73 3.68 0.0001
D x SS x S 144 0.20
D X I 18 11.21 53.40 0.0001
D x I x S 108 0.21

. D X H 12 4.46 34.60 0.0001
D x H x S 72 0.13
D X V 6 0.91 14.35 0.0001
D X V X S 36 0.06

SS X I 12 0.09 1.74 0.0758
SS x I x S 72 0.05
SS X H 8 1.11 43.05 0.0001
SS X H X S 48 0.03
SS X V 4 0.09 2.37 0.0812
SS X V X S 24 0.04

I X H 6 1.93 47.60 0.0001
I X H X S 36 0.04
I X V 3 0.77 14.20 0.0001
I x V x S 18 0.05

H X V 2 1.40 28.07 0.0001
H X V X S 12 0.05
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Table 5 (co¤t'd)

Summary of the ANOVA on RS for the Age 50 to 70 Group

Source of Variauce df MS F p

D x SS x I 72 0.10 1.95 0.0001D x SS x I x S 432 0.05
D x SS x H 48 0.07 2.41 0.0001
D x SS x H x S 288 0.03
D x SS x V 24 0.07 2.33 0.0011
D x SS x V x S 144 0.03

D x I x H 36 0.20 6.36 0.0001
D x I x H x S 216 0.03
D x I x V 18 0.12 5.34 0.0001
D x I x V x S 108 0.02
D x H x V 12 0.30 8.78 0.0001
D x H x V x S 72 0.03

SS x I x H 24 0.04 2.45 0.0006
SS x I x H x S 144 0.02
SS x I x V 12 0.02 0.67 0.7787SS x I x V x S 72 0.03
SS x H x V 8 0.02 1.11 0.3738
SS x H x V x S 48 0.02

I x H x V 6 0.28 9.98 0.0001
I x H x V x S 36 0.03

D x SS x I x H 144 0.03 1.37 0.0050
D x SS x I x H x S 864 0.02
D x SS x I x V 72 0.02 0.92 0.6704
D x SS x I x V x S 432 0.02
D x SS x H x V 48 0.02 1.26 0.1310
D x SS x H x V x S 288 0.02
D x I x H x V 36 0.13 5.47 0.0001
D x I x H x V x S 216 0.02

SS x I x H x V 24 0.02 1.60 0.0490
SS x I x H x V x S 144 0.01

D x SS x I x H x V 144 0.02 1.18 0.0836
D x SS x I x H x V x S 864 0.02

Total 5879

mo
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Figure 2l. The effect of' display technology on RS l'or the age I8 to 30 group (top) and the age 50 to
70 group (bottom).
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Table 6

Newman-Keuls Test on the Effect of Display on RS for the

Age 18 to 30 Group

MSE = 5.504 df = 36 N = 840 Alpha = 0.05

Number of Means: 2 3 4 5 6 7
Critical Range: 0.232 0.280 0.308 0.328 0.344 0.357

Mean Display Grouping*

2.3838 TFLCD A

2.2608 LED A

1.9651 SIM B

1.9617 VFD B

1.9248 LCD B

1.8432 HTLCD B C

1.6339
‘RCP

C

*Displays with the same letter are not significantly

different.
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Table 7

Newman-Keuls Test on the Effect of Display on RS for the

Age 50 to 70 Group

MSE = 1.308 df = 36 N = 840 Alpha = 0.05

Number of Means: 2 3 4 5 6 7

Critical Range: 0.113 0.136 0.150 0.160 0.168 0.174

Mean Display Grouping*

1.2125 LED A

1.2107 VFD A

1.0821 TFLCD A B

1.0117 LCD B C

0.9145 HTLCD C D

0.8320 RCP D

0.8090 SIM D

*Displays with the same letter are not significantly

different.

‘
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viewing angles: (1) the age 18 to 30 group exhibited (a) significantly superior performance with the

LED and TFLCD, (b) similar performance among the SIM, VFD, LCD, AND HTLCD, and (c)

significantly degraded performance with the RCP and HTLCD, and (2) the age 50 to 70 group

exhibited (a) significantly superior performance with the LED, VFD, and TFLCD, (b) comparable _ _

performance among the liquid-crystal technologies (with performance using the TFLCD signif-

icantly superior to the HTLCD), and (c) significantly degraded performance with the HTLCD,

SIM, and RCP. In general, the performance of the age 18 to 30 group appears more robust to

differences in display technologies while the age 50 to 70 group appears more sensitive to differences

among these display technologies.

An important point must be stressed with respect to the display technology variable at this ‘

stage in the discussion of the results of the experiment. Clearly, the above main effect of display

revealed both significant and substantial differences among the seven display candidates. As a re-

sult, caution is strongly urged in interpreting effects and interactions that collapse across the display

variable. The reader must remain aware that misinterpretation of such effects and interactions can

result in erroneous conclusions. Instances in which an effect or interaction does not address the

differences due to display technology will be pointed out.

The main effect of symbol subtense for each group is illustrated in Figure 22. The results of

the Newman-Keuls tests for the two groups are presented ir1 Table 8 and Table 9. The tests across

display technologies, illumination, and both horizontal and vertical viewing angles revealed: (1) for

both age groups, a significant improvement in performance when symbol subtense was increased

from 10 to 15 minutes of arc, (2) for the age 50 to 70 group, an additional, significant improvement

in performance when symbol subtense was increased from 20 to 25 minutes of arc, (3) for both age

groups, consistent irnprovement in performance as symbol subtense increased from 10 to 30 min-

utes of arc, (4) for both age groups, indications of asymptotic performance with 30 min of symbol

subtense, and (5) for both age groups, an apparent "slowing" in performance improvement at the

20-min subtense possibly indicating some interference due to the additional legibility rating task that

occurred at this level.
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Figure 22. The effect of symbol subtense on RS for the age l8 to 30 group (top) and the age 50 to 70
group (bottom).
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Table 8

Newman—Keuls Test on the Effect of Symbol Subtense (min)

on RS for the Age 18 to 30 Group

I

MSE = 3.502 df = 24 N = 1176 Alpha = 0.05

Number of Means: 2 3 4 5

Critical Range: 0.159 0.193 0.213 0.227

Mean Subtense Grouping*

2.1811 30 A

2.1558 25 A

2.0597 20 A

1.9921 15 A

1.5922 10 B

*Subtenses with the same letter are not significantly

different.
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Table 9

- Newman-Keuls Test on the Effect of Symbol Subtense (min)

on RS for the Age 50 to 70 Group

MSE = 1.501 df = 24 N = 1176 Alpha = 0.05

Number of Means: 2 3 4 5

Critical Range: 0.104 0.126 0.139 0.149

Mean Subtense Grouping*

1.2140 30 A

1.1951 25 A

1.0560 20 B

0.9603 15 B

0.6264 10 C
I

*Subtenses with the same letter are not significantly

different.

mv



The main effect of illumination on RS for each group is illustrated in Figure 23. The results

of the Newman-Keuls tests for the two groups are presented in Table 10 and Table ll. The tests

revealed that across display technologies, symbol subtense, and both horizontal and vertical viewing

angles, both age groups exhibited: (1) identical significant differences in performance among the four _

levels of intensity, (2) significantly superior performance with the 10 klx intensity compared to all

other intensities, (3) no sigrrificant difference in performance between the 0.5 and 50 klx intensities

of illumination, and (4) significantly degraded performance with the 100 klx intensity compared to

all other levels of illumination. Although these findings are essentially identical for the two age

groups, it is pointed out that these results are for RS performance collapsed across all other factors

including display technology. As described in the forthcoming second-order interactions, the

display-by-illumination interaction revealed that the pattern of the main effect of illumination was

driven by a combination of the display technologies. It is not always the case that degraded per-

formance occurred for each display device under the 0.5 and 100 klx intensities of illumination.

The main effect of horizontal viewing angle on RS for each group is illustrated in Figure 24.

The results of the Newman-Keuls tests for the two groups are presented in Table 12 and

Table 13. Across display technologies, symbol subtense, illumination, and vertical viewing angle

the tests revealed that: (1) the age 18 to 30 group exhibited a significant degradation in performance

with the R45 off-axis viewing angle compared to both the on-line and L45 viewing angle, and (2)

the age 50 to 70 group exhibited a significant degradation in performance with both the L45 and

R45 off-axis viewing angles compared to the on-line viewing angle. This particular main effect is

also open to misinterpretation due to a complicating factor associated with the HTLCD. As re—

vealed in both the second-order and third-order interactions, a unique off-axis viewing problem was

encountered with the HTLCD at the R45 viewing angle. Described in detail below, it is suggested

that this particular display-related viewing problem is responsible for the significant difference in

performance associated with the R45 viewing angle for the age 18 to 30 group. Further, it is sug-

gested that, while the same problem was present, performance degradations indicate that the age

S0 to 70 group was more sensitive to both off-axis horizontal viewing conditions.

l08



2.3
AGE 18 - 30

2.2

2.1

2.0
U)E 1.9

1.8

1.7

1.6
0 10 20 30 40 50 60 70 80 90100

ILLUMINATION (klx) .

1.2
AGE 50 - 70

1.1

tl! 1.0
II

0.9

0.8
0 10 20 30 40 50 60 70 80 90100

ILLUMINATION (klx)

Figure 23. The effect of' illumination intensity on RS for the age 18 to 30 group (top) and the age 50
to 70 group (bottom).
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Table 10

Newman-Keuls Test on the Effect of Illuminance (klx) on RS

for the Age 18 to 30 Group

MSE = 0.4705 df = 18 N = 1470 Alpha = 0.05

Number of Means: 2 3 4

Critical Range: 0.0531 0.0645 0.0715

Mean Illuminance Grouping*

2.1001 10 A

2.0051 0.5 B

1.9894 50 B

1.8902 100 C

*Il1uminances with the same letter are not significantly

different.

no



Table 11

Newman-Keuls Test on the Effect of Illuminance (klx) on RS

for the Age 50 to 70 Group

·

MSE = 0.1947 df = 18 N = 1470 Alpha = 0.05

Number of Means: 2 3 4

Critical Range: 0.0342 0.0415 0.0460

Mean Illuminance Grouping*

1.0875 10 A

1.0345 0.5 B

1.0005 50 B

0.9190 100 C

*Il1uminances with the same letter are not significantly

different.

in



2.1
AGE 18 — 30

2.01.92

1.8

1.46 oo R45
HORIZONTAL ANGLE (dag)

1.1

§E&=:=2=E=:=:=§:=;=:=;=E=§:=:=E¤:2=3*‘

s:;:;=;=a:;=2:z:s:a:;:s=;:6=a:säE;5sE:?;Es$51

1.0 .. .-
.. ...-1. . ....„.. „_< .2.-1. ...... . .. ....1.1.-1....1.-.. .. -1. . -1.

{ß .1 :1 .E:;:;:;s@§;;xg:;:;:;¥:;:f§c$§; &7S:Z:¥:7:7:Z:?:Z:Z:¥;Z:!;?:Z:Z;¥:!;¥;?:Z:€J: giZäifäz§:ä¥:¥:¢i¤:¤:2¤:¤;§:äZ·§

¤=L45 oo 1=146

HORIZONTAL ANGLE (dag)

Figure 24. The efl'ect of horizontal viewing angle on RS for the age l8 to 30 group (top) and the age
50 to 70 group (bottom).
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Table 12

Newman-Keuls Test on the Effect of Horizontal Angle (deg)

on RS for the Age 18 to 30 Group

MSE = 0.3995 df = 12 N = 1960 Alpha = 0.05

Number of Means: 2 3

Critical Range: 0.0440 0.0538

Mean Angle Grouping*

2.0219 L45 A

2.0145 0 A

1.9521 R45 B

*Angles with the same letter are not significantly

different.
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Table 13

Newman-Keuls Test on the Effect of Horizontal Angle (deg)

on RS for the Age 50 to 70 Group

}

MSE = 0.2683 df = 12 N = 1960 Alpha = 0.05

Number of Means: 2 3

Critical Range: 0.03605 0.04414

Mean Angle Grouping*

1.0634 0 A

0.9972 L45 B

0.9705 R45 B

*Angles with the same letter are not significantly

different.
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Basically, the problem with the HTLCD stems from a visually obvious degradation in luminance

modulation at R45 which is verified in the photometric measurements. Unfortunately, when this

display device was prepared for this experiment the director of the HTLCD was set in this particular

horizontal angle (i.e., R45). The director of the display refers to a particular angle or axis along _

which the crystals of the mesophasic liquid-crystal material tend to inaturally align. Penz (1985)

defrnes the director as a unit vector which is parallel to the average local orientation of liquid-crystal

molecules. Loss of contrast and poor viewability are the result when looking at the display along

this unique vector. Typically, the vector of the director can be located along any one viewing axis

(i.e., vertical or horizontal). In this particular case, it is believed that the location of the director

along the R45 axis seriously impacted the performance associated with this specific viewing angle

examined in the study. Consequently, it is strongly recommended that interpretation of the per-

formance results associated with the HTLCD at the R45 viewing angle be tempered by this fact.

Furthermore, it is recommended that attention be drawn to the performance results associated with

this particular display at the L45 viewing angle which is considered representative of the actual ca-

pability of the device.

The main effect of vertical viewing angle on RS for each group is illustrated in Figure 25.

Across display technologies, symbol subtense, illumination, and horizontal viewing angles, both age

groups exhibited significant degadation in RS with the 15-deg vertical viewing angle as compared

to on-line viewing. In general, this effect is a result of the glare conditions encountered with several

of the displays at this viewing angle. However, this effect is considered subject to misinterpretation

since, as revealed in the higher-order interactions, performance was more strongly affected with

some display technologies than others. Further, performance with some displays was not affected

at all for this viewing angle. These technology-based differences will be clarified in the upcoming

discussion of higher-order interactions.
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Second-Order Interactions

The interaction of display technology and symbol subtense on RS for each age group is illus-

trated in Figure 26. Note the spread among the different displays at each level of symbol subtense

indicating a display technology-based difference with respect to symbol subtense. In general, the
A

indications from this interaction include: (1) a gradual but noticeable improvement in performance

for all displays with increases in symbol subtense, especially from 10 to 15 arc minutes, (2) differ-

ences between the groups with respect to the displays, namely (a) that superior performance was

associated with the TFLCD and the LED for the age 18 to 30 group whereas superior performance

was associated with the VFD and LED for the age 50 to 70 group, (b) similar performance asso-

ciated with the LCD and HTLCD for the age 18 to 30 group while a noticeable difference is ap-

parent (i.e., better performance with the LCD) for the age 50 to 70 group, and (c) performance is

comparable between the RCP and the SIM for the age 50 to 70 group yet performance was no-

ticeably better with the SIM for the age 18 to 30 group.

The interaction of display technology and illumination on RS for each age group is illustrated

in Figure 27. This is one of the most informative interactions discussed thus far and points out the

necessity for caution in interpreting the main effect of illumination described earlier. Clearly, the

display technologies differ substantially in how they are affected by illumination. The main points

of interest with respect to this interaction include: (1) the overall superior performance associated

with the TFLCD and the LED for the age 18 to 30 group, and the excellent performance associated

with the VFD and LED for the age 50 to 70 group; (2) the consistent degradation in performance

for both age groups associated with the RCP and SIM as illumination intensity increases from 0.5

klx; (3) the nearly identical performance associated with the LCD and HTLCD for both age groups,

namely, degraded performance under low (0.5 klx) illumination and a maintained, improved level

of performance at intensities of 10 klx and above; (4) the relatively minor effect illumination had

on performance associated with the LED and TFLCD for both age groups; and (5) a small im-

provement in performance associated with the LED for both groups when illumination intensity

was increased from 0.5 to 10 klx.
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Figure 26. The interaction of display technology and symbol subtense on RS l'or the age 18 to 30 group
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Figure 27. The interaction of display technology and illumination intensity on RS for the age l8 to 30
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Overall, an interesting distinction among the seven display technologies begins to appear. The

following pairs of technologies appear similar with respect to this interaction: (1) the RCP and SIM,

(2) the LCD and HTLCD, and (3) the LED and TFLCD. This pairing among six of the tech-

nologies leaves the VFD apparently separate. The following sirnilarities reflected in the above dis- _

play pairings is reasonable: (1) the RCP and SIM are similar in technology (i.e., emissive plasma

displays) with approxirnately the same symbol luminance (140 and 210 nits, respectively), and (2)

the LCD and HTLCD are very similar examples of nonemissive 1iquid—crystal display technology.

What is interesting is the emissive VFD with a substantially higher symbol luminance (approxi-

mately 1000 nits) is associated with much better RS perfonnance than its other emissive counter-

parts. Further, the high-intensity LED, essentially unaffected by the various intensities of

illumination, is paired with a hybrid display with both low luminance emissive display qualities

(approxirnately 60 nits) and nonemissive,
F
reflective LCD qualities. Clearly, higher symbol

luminance is an advantage for emissive displays under varying intensities of illumination up to 100

klx as well as characteristics similar to the retlective nature of LCD technologies.

' The interaction of display technology and horizontal viewing angle on RS for each age group

is illustrated in Figure 28. The main points of interest indicated by this effect include: (1) in gen-

eral, similar perfonnance associated with the majority of displays across the horizontal viewing an-

gles within each age group, (2) for both age groups, a noticeable degradation in performance

associated with the RCP at 0 deg and the HTLCD at R45 deg, and (3) nearly identical performance

among the displays (with the exclusion of the two plasma displays) at 0 deg for the age 50 to 70

group.

The differences ir1 performance associated with the RCP at 0 deg and the HTLCD at R45

mentioned above warrant further comment. The degradation in performance that occurred with

the RCP at 0 deg is primarily clriven by problems encountered under on·line viewing with the

15-deg vertical angle condition. As identified in the upcoming second-order interaction, the RCP

possesses a susceptibility to exceedingly poor legibility under this particular reilected glare condition

(i.e., the on-line, 15-deg vertical viewing angle combination). This is due to the highly reflective
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metal cathodes of the display’s symbol segrnents which resulted in extremely poor legibility under

intense ambient illumination. The poor performance associated with the HTLCD at R45 is a result

of the display construction problem involving the location of the director described earlier.

The interaction of display technology and vertical viewing angle on RS for each age group is
l

illustrated in Figure 29. The 15-deg viewing angle was designed to represent a potential glare

condition (not direct, specular glare but a reflected glare situation.) The main points of interest

regarding this effect are: (1) the noticeable reduction in performance and implied susceptibility to

glare with the RCP for the age 18 to 30 group and the smaller reduction in performance for the age

50 to 70 group, (2) small reductions in performance associated with the SIM, VFD, and TFLCD

for both groups, and (3) very little difference in performance associated with the LED, LCD, and

HTLCD for both groups. Note the comparable performance between the VFD, LED, and

TFLCD for the age 50 to 70 group versus the noticeably superior performance of the LED and

TFLCD over the VFD for the age 18 to 30 group. The indication is evident that a high level of

RS performance was maintained with the VFD for the age 50 to 70 group. The reason for this is

unclear, however, it may be related to the chromaticity and/or intensity of symbol luminance as-

sociated with the VFD.

The interaction of symbol subtense and illurnination on RS for the age 18 to 30 group is illus-

trated in Figure 30. (Note that this interaction was not statistically signiflcant at the 0.05 level for

the age 50 to 70 group (i.e., p = 0.076).) The main points of interest include: (1) the fact that the

effect does not address the differences among the display technologies, (2) a distinct improvement

in performance when increasing symbol subtense from 10 to 15 minutes of arc, (3) the 10 klx in-

tensity was associated with superior performance across all displays and viewing conditions (again

misleading), (4) a constriction of the spread in means at the 20-min subtense again indicating pos-

sible interference from the legibility ratings task, and (5) indications of asymptotic performance at

a symbol subtense of 25 minutes of arc under the 50 and 100 klx illumination intensities.
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Figure 29. The interaction of display technology and vertical viewing angle on RS for the age l8 to 30
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The interaction of symbol subtense and horizontal viewing angle on RS for each age group is
‘

illustrated in Figure 31. The main points of interest indicated by this interaction are: (1) the re-

commendation for caution in interpretation of the effect because the glare viewing conditions affect

both the display teclmologies and the horizontal viewing angles diüerentially (on-line with glare has A
a stronger negative impact on performance than off-axis with glare); (2) in general, for both age

groups, degraded performance is associated with the off-axis viewing arrgles for symbol subtenses

of 10 and 15 minutes of arc, but little difference in performance is apparent with increased symbol

subtenses of 20 minutes of arc and above (i.e., the degradation in perforrrrance associated with the

off-axis viewing conditions were mitigated by increases in symbol subtense); and (3) substantial

improvement in performance for all horizontal viewing angles when symbol subtense was increased

from 10 to 15 minutes of arc.
i

The interaction of symbol subtense and vertical viewing angle on RS for the age 18 to 30 group

is illustrated in Figure 32. (Note that this effect was not significant at the 0.05 level for the age 50

to 70 group (i.e., p = 0.08).) The main points regarding this interaction are: (1) once again, this

effect does reflect the differences among the seven display technologies, (2) the 15-deg viewing is

associated with a degradation in performance at each level of symbol subtense, (3) a substantial

improvement in performance with an increase in symbol subtense from 10 to 15 minutes of arc,

and (4) asymptotic performance is indicated with a symbol subtense of 25 minutes of arc for both .

vertical viewing angles.

The interaction of illumination intensity and horizontal viewing angle on RS for each age group

is illustrated in Figure 33. The main points of interest associated with this interaction include: (1)

the caveat regarding differences among the display technologies, (2) for both age groups, perform-

arrce for the on-line viewing condition is negatively impacted, although this is primarily due to the

glare encountered under the 15-deg vertical viewing angle, (3) for both age groups, a small im-

provement in performance with an increase in illumination intensity from 0.5 klx to 10 klx, and (4)

for both age groups, performance for the horizontal off·axis viewing angles remairred essentially

unaffected by further increases in illumination intensity beyond the 10 klx level.
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Figure 3l. The interaction ol' symbol subtense and horizontal viewing angle on RS for the age l8 to 30
group (top) and the age 50 to 70 group (bottom).
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Figure 32. The interaction of symbol subtense and vertical viewing angle on RS for the age 18 to 30
group.
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Figure 33. The interaction of illumination intensity and horizontal viewing angle on RS for the age 18
to 30 group (top) and the age S0 to 70 group (bottom).

128



The interaction of illumination and vertical viewing angle on RS for each age group is illustrated

ir1 Figure 34. The main characteristics of this interaction are: (1) the absence of accounting for

diiferences among the display candidates, (2) for both age groups, performance is degraded under

the 15-deg/glare viewing condition for all intensities of illumination (especially at intensities greater _

than 0.5 ldx), and (3) for both age groups, a small improvement in performance with an increase

in illumination intensity from 0.5 klx to 10 klx.

The interaction of horizontal viewing angle and vertical viewing angle on RS for each age group

is illustrated in Figure 35. Overall, the main points of interest drawn from this effect include the

following: (1) for both age groups, the best performance occurred with the combination of on-line

horizontal and on-line vertical viewing angles, and (2) for both age groups, a degradation in per-

forrnance occurred with the vertical 15-deg/glare viewing angle at all horizontal viewing angles (this

performance degradation was most pronounced with the on-line horizontal angle). Further, once

again, indications are present that the performance degradations associated with the 15-deg/glare

conditions were mitigated slightly with a change in the horizontal (i.e., off-axis) viewing angle. This

fact is evident from an examination of the luminance modulation measurements provided in the

Display Characterization Measurements section of this report.

Third-Order Irzteractiom

The third-order interactions on RS are described in this section and both the results and illus-

trations of the plotted means for each age group are presented in comparison. In general, the ma-

jority of these interactions appear to be driven by the diiferences in how the individual display

technologies are affected by combinations of the independent variables. Overall, similarities among

the display technologies and the different combinations of variables follow the common grouping

mentioned above: (1) the two plasma panels, the SIM and the RCP, are affected in similar fashion,

(2) the LCD and the HTLCD are affected in a similar fashion, (3) the LED and the TFLCD are

affected in a similar fashion, and (4) the VFD is affected in a manner similar to the other emissive

technologies but to a reduced degree.
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Figure 34. The interaction of illumination intensity and vertical viewing angle on RS for the age l8 to
30 group (top) and the age 50 to 70 group (bottom).
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The display by symbol subtense by illumination interaction for both age groups is illustrated

in Figure 36 through Figure 42. Overall, the indications of interest associated with this interaction

include: (1) for both age groups, performance with the RCP and SIM is more strongly degraded

with increases in illumination intensity than is performance with the other displays; (2) for both age .

groups, compared to performance with the RCP, performance with the SIM remains comparable

at the 0.5 klx and 10 klx illumination intensities, but further increases in illumination intensity result

in degraded performance; (3) for both age groups and all displays, performance appears asymptotic

with a symbol subtense of 25 minutes of arc at all illumination intensities and further increases in

symbol subtense do not generally result in noticeable improvements in performance; (4) for the age

50 to 70 group, performance with the LED is noticeably improved with an increase in illumination

intensity above 0.5 klx; (5) for both age groups, performance with the VFD is comparable at the
n

0.5 klx, 10 klx, and to a degree, the 50 klx illumination intensity, but is more noticeably negatively

impacted at the 100 klx illumination intensity; (6) for both age groups, performance is comparable

at 10 klx, 50 klx, and 100 klx, with the LCD and HTLCD, but is noticeably degraded under the

lower, 0.5 klx intensity; (7) for both groups, performance is relatively unaffected by increases in il-

lumination intensity with the TFLCD and increases in symbol subtense above 10 minutes of arc

result in improvements in performance; and (8) for both groups, performance was superior with the

LED and TFLCD compared to all other displays.

The display by symbol subtense by horizontal viewing angle interaction for both age groups is

illustrated in Figure 43 through Figure 49. The main points regarding this interaction are: (1) In

general, for both age groups, increases in symbol subtense from 10 minutes of arc result in small

improvements in performance for all displays at all horizontal viewing angles; (2) for both age

groups, performance with the RCP and SIM is comparable under horizontal off-axis viewing angles

but is degraded under the on-line viewing angle (this is undoubtedly linked with the on-line,

15-deg/glare viewing condition and is much stronger with the RCP than the SIM); (3) for both age

groups, performance with the LED and VFD is essentially unaffected with changes in horizontal

viewing angle; (4) for both age groups, performance with the LCD is superior with the on-line
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Figure 36. The interaction of symbol subtense and illumination intensity on RS with the RCP for the
age 18 to 30 group (top) and the age 50 to 70 group (bottom). -
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Figure 37. The interaction of symbol subtense and illumination intensity on RS with the SIM for the
age l8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 38. The interaction of symbol subtense and illumination intensity on RS with the LED for the
age 18 to 30 group (top) and the age S0 to 70 group (bottom).
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Figure 39. The interaction of symbol subtense and illumination intensity on RS with the VFD for the
age l8 to 30 group (top) and the age S0 to 70 group (bottom).
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Figure 40. The interaction of symbol subtense and illumination intensity on RS with the LCD for the
age I8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 41. The interaction of symbol subtense and illumination intensity on RS with the HTLCD for
the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 42. The interaction ol' symbol subtense and illumination intensity on RS with the TFLCD for the
age I8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 43. The interaction of symbol subtense and horizontal viewing angle on RS with the RCP for the
age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 44. The interaction ol' symbol subtense and horizontal viewing angle on RS with the SIM for the
age l8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 45. The intcraction of symbol subtense and horizontal viewing angle on RS with the LED for the
age l8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 46. The interaction of symbol subtense and horizontal viewing angle on RS with the VFD for the
age 18 to 30 group (top) and the age 50 to 70 group (bottom).

143



2.8
AGE 18 - 30

2.4
,?*'.

2.0 U Ü' ·1.6 .-e-·
l y

U)
1 -2 F

°·8 —¤— 1.46
o 4

——°—
°· —¤— R45

0.0
5 1 0 1 5 20 25 3 0

SYMBOL SUBTENSE (mln)

1.6
AGE 50 · 701'2ug

0.8
II

0.4 L45

1% F145
0.0

5 1 0 1 5 20 25 3 0

SYMBOL SUBTENSE (min)

Figure 47. The interaction of symbol subtense and horizontal viewing angle on RS with the LCD for the
age 18 to 30 group (top) and the age 50 to 70 group (bottom) (some data points may be
hidden).
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Figure 48. The interaction of symbol subtense and horizontal viewing angle on RS with the HTLCD for
the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 49. The interaction of symbol subtense and horizontal viewing angle on RS with the TFLCD for
the age l8 to 30 group (top) and the age S0 to 70 group (bottom).
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viewing angle but degraded (and comparably so) with both off-axis viewing angles; (5) although

performance is quite similar to that with the LCD, for both groups, performance with the HTLCD

is noticeably degraded for the R45 horizontal viewing angle compared to both the L45 and on-line

viewing angles (this is clear performance·based evidence of the problem mentioned earlier with this _

display and the location of the director); and (6) for both age groups, performance with the TFLCD

is relatively unaffected by changes in horizontal viewing angle with a symbol subtense of 20 minutes

of arc or greater, but a small degradation in performance is evident for both off-axis viewing angles

at symbol subtenses of 10 and 15 minutes of arc.

The display by symbol subtense by vertical viewing angle interaction for both age groups is il-

lustrated in Figure 50 through Figure 56. The main points regarding this effect are: (I) in general,

for both age groups, increases in symbol subtense from 10 minutes of arc result in small improve-

ments in performance for all displays and both vertical viewing angles; (2) for both age groups,

performance was noticeably degraded under the 15-deg/glare condition for the RCP, SIM, VFD,

and TFLCD; (3) for both age groups, performance was essentially identical (unaffected) for both

vertical viewing angles with the LED, LCD, and HTLCD; and (4) for both age groups, perform-

ance was superior with the TFLCD compared to all other displays. As evident from this inter-

action, the ernissive display technologies were more susceptible to the reflected glare conditions.

The display by illumination by horizontal viewing angle interaction for both age groups is il-

lustrated in Figure 57 through Figure 63. Overall, the main points regarding this effect are: (l) for

both age groups, performance with the RCP and SIM was degraded for the on-line viewing angle
4

(more degradation occurred with the RCP than the SIM) with increases in illumination intensity

in comparison to the nearly identical performance for the off-axis angles (this is prirnarily due to

the glare condition); (2) for both age groups, generally consistent performance across increasing il-

lumination intensity with both the LED and VFD; (3) for both age groups with the LCD, a small,

comparable degradation in performance for both off-axis viewing angles relative to the on-line

condition with increases in illumination intensity; (4) although performance is quite similar for the _

LCD, for both age groups across increases in illumination intensity, performance with the HTLCD
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Figure 50. The interaction of symbol subtense and vertical viewing angle on RS with the RCP for the
age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 51. The interaction of symbol subtense and vertical viewing angle on RS with the SIM for the
age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure S2. The interaction of symbol subtense and vertical viewing angle on RS with the LED for the
age l8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure S3. The interaction of symbol subtense and vertical viewing angle on RS with the VFD for the
age l8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 54. The interaction of symbol subtense and vertical viewing angle on RS with the LCD for the
age l8 to 30 group (top) and the age S0 to 70 group (bottom).
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Figure 55. The interaction of symbol subtense and vertical viewing angle on RS with the HTLCD for
the age 18 to 30 group (top) and the age 50 to 70 group (bottom).

153



_ 2.8
AGE 18 - 30 ¤

“ °
2.4 ¤

2.0 °

1.6
E

U)
¤¤ 1.2

0.8

0 4 0
' *0* 15

0.0
5 1 0 1 5 2 0 2 5 3 0

SYMBOL SUBTENSE (min)

1.6
AGE 50 - 70

1.2 ¤

ug0.8E

0.4 *¤·—
0*0—· 15

0.0
5 1 0 1 5 2 0 2 5 3 O

SYMBOL SUBTENSE (min)

Figure 56. The interaction of symbol subtense and vertical viewing angle on RS with the TFLCD for
the age l8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 57. The interaction of illumination intensity and horizontal viewing angle on RS with the RCP
for the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 58. The interaction of illumination intensity and horizontal viewing angle on RS with the SIM
for the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 59. The interaction of illumination intensity and horizontal viewing angle on RS with the LED
for the age 18 to 30 group (top) and the age 50 to 70 group (bottom).

157 -



2.8
AGE 18 - 30

2.4

2,0.=‘'_

1.6
U3E 1.2

°·8 —¤— 1.46
0 4

—°—
°‘ —¤—— R45

0.0
0 10 20 30 40 50 60 70 80 90100

ILLUMINATION (klx)

1.6
AGE 50 · 70

12ug

0.8
II

0.4 ·—¤— L45
*

0
—¤—- R45

0.0
0 10 20 30 40 50 60 70 80 90100

ILLUMINATION (klx)

Figure 60. The interaction of illumination intensity and horizontal viewing angle on RS with the VFD
for the age l8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 6l. The interaction ol' illumination intensity and horizontal viewing angle on RS with the LCD
for the age l8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 62. The interaction of illumination intensity and horizontal viewing angle on RS with the
HTLCD for the age 18 to 30 group (top) and the age S0 to 70 group (bottom).
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Figure 63. The interaction of illumination intensity and horizontal viewing angle on RS with the TFLCD
for the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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is noticeably degraded for the R45 horizontal viewing angle compared to the L45 angle, and both

off-axis angles are degraded compared to the on-line condition- (again, clear evidence of the R45

off-axis problem with the HTLCD); and (5) for both age groups, both excellent and consistent

performance across all horizontal viewing angles and intensities of illumination with the TFLCD.

The display by illumination by vertical viewing angle interaction for both age groups is illustrated

in Figure 64 through Figure 70. The main points regarding this effect include: (1) for both age

groups with the RCP and SIM, overall performance was noticeably degraded with increases in il-

lumination intensity and performance under the 15-deg/glare condition was consistently below that

associated with the on-line vertical viewing angle; (2) for both age groups with the LED, essentially

no effect on performance for either vertical viewing angle as illumination intensity increased; (3) for

the VFD, a small degradation in performance for both groups as illumination intensity increased

with the performance under the 15-deg/glare viewing angle consistently below that for the on-line

viewing condition; (4) for both groups with the LCD and HTLCD, while no difference in per-

formance is evident between the two vertical viewing angles, an improvement ir1 performance is

· noticeable with an increase in illumination intensity from 0.5 klx to 10 klx followed by maintained

performance as illumination is increased up to 100 klx; and (5) for both age groups with the

TFLCD, there is a noticeable degradation in performance with the 15-deg/glare condition from the

U on-line viewing condition with an increase in illumination from 0.5 klx to 10 klx, although no de-

gradation is evident as illumination intensity is increased further to 100 klx.

The display by horizontal viewing angle by vertical viewing angle interaction for each age group

is illustrated ir1 Figure 71 through Figure 77. The main points associated with this interaction

are: (1) for both age groups with the RCP, SIM, and VFD, comparable performance under the

horizontal and vertical off-axis conditions but a noticable degradation in performance with the

combination of on-line horizontal and vertical 15-deg/glare viewing angles; (2) for both age groups

with the LED, generally consistent performance under all combinations of viewing angles; (3) for

both age groups with the LCD, consistent performance between the two vertical viewing angles but

a noticeable degradation ir1 performance with the off-axis horizontal viewing angles; (4) for both
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Figure 64. The interaction of illumination intensity and vertical viewing angle on RS with the RCP for
the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 65. The interaction of illumination intensity and vertical viewing angle on RS with the SIM for
the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 66. The interaction of illumination intensity and vertical viewing angle on RS with the LED for
the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 67. The interaction of illumination intensity and vertical viewing angle on RS with the VFD for
the age I8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 68. The interaction of illumination intensity and vertical viewing angle on RS with the LCD for
the age l8 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 69. The interaction of illumination intensity and vertical viewing angle on RS with the HTLCD
for the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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Figure 70. The interaction ol' illumination intensity and vertical viewing angle on RS with the TFLCD
for the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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age groups with the HTLCD, (a) a small degradation in perforrna.nce associated with the horizontal

off-axis viewing angles compared to the on-line horizontal angle, (b) for the L45 and 0 deg hori-

zontal angles, a small degradation in performance with the 15-deg/glare angle compared to the on-

line vertical viewing angle, and (c) for the R45 horizontal angle, a totally unique degradation in ~
performance for the on-line vertical viewing angle compared to the 15-deg/glare condition (pin-

pointing the complication related to the location of the director); and (5) for both age groups with
l

the TFLCD, a consistent degradation in performance with the 15-deg/glare vertical viewing angle

compared to the on-line vertical angle, and a very small degradation in performance associated with

the horizontal off-axis angles compared to the on-line horizontal viewing angle.

The symbol subtense by illumination by horizontal viewing angle interaction for the age 50 to

70 group is illustrated in Figure 78 and Figure 79. The interaction indicates that performance is

essentially identical for the L45 and R45 horizontal viewing angles. However, a noticeable degra- .

dation in performance is evident with the on-line horizontal viewing angle for the 50 klx and 100

klx illumination intensities in comparison with the 0.5 klx and 10 klx intensities. As described in

several instances earlier, the performance degradation associated with the on-line horizontal viewing

condition is believed to be driven by the vertical 15-deg/glare viewing angle. Also, as witnessed

from the previously discussed interactions, the 15-deg/glare viewing condition negatively irnpacted

performance differentially according to display technology. In addition, when a performance de-

gradation resulted, it occurred to a greater degree with the on-line horizontal viewing angle than

with the off-axis horizontal viewing angles.

The illumination by horizontal viewing angle by vertical viewing angle interaction for both age

groups is illustrated in Figure 80 and Figure 81. The main point indicated in this interactionis

that, for both age groups, as illumination intensity increased from 0.5 klx to 100 klx, the

15-deg/glare vertical viewing angle resulted in a noticeable degradation in performance for the on-

line horizontal viewing angle in comparison to the off-axis viewing angles. However, as evident in

several of the preceeding interactions, this effect is not consistent across all display technologies and

interpretation of this effect should be tempered with this knowledge.
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Figure 78. The interaction of symbol subtense and illumination intensity on RS for the L45 (top) and
R45 (bottom) viewing angles for the age 50 to 70 group.
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Figure 79. The interaction of symbol subtense and illumination intensity on RS for the 0 deg horizontal
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Figure 80. The interaction of illumination intensity and horizontal viewing angle on RS at the 0 deg
vertical viewing angle for the age l8 to 30 group (top) and the age S0 to 70 group (bottom).
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Figure 81. The interaction of illumination intensity and horizontal viewing angle on RS at the 15 deg
vertical viewing angle for the age 18 to 30 group (top) and the age 50 to 70 group (bottom).
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LEGIBILITY RATINGS

The summary table of the ANOVA performed on the legibility ratings is provided in Table 14.

No statistically significant difference in ratings was found due to age; thus, these results reflect the

findings of both age groups combined. Again, this discussion will concentrate on the findings from
e

the main effects down to the third-order interactions and illustrations of the plotted mean values

are provided. Overall, the results of the legibility ratings corroborate and mirror the findings from

the RS performance measure. In fact, in many instances the illustrations of the plotted mean values

reflect an essentially identical pattem of results.

Main Ejfects

Main effects were found for display technology, illumination, and both horizontal and vertical

viewing angles. Symbol subtense was not a factor since all ratings were taken at a symbol subtense

of 20 minutes of arc. The main effect of display technology on the legibility ratings is illustrated in

Figure 82. The results of the Newman-Keuls test are presented in Table 15. The test revealed that

across illumination intensities and both horizontal and vertical viewing angles, the LED, VFD,

HTLCD, TFLCD, and LCD were rated significantly higher in legibility than the RCP and SIM.

In addition, no significant difference in legibility was found among the LED, VFD, HTLCD,

TFLCD, and LCD.
·

The main effect of illumination on the legibility ratings is illustrated in Figure 83. The results

of the Newman-Keuls test are presented in Table 16. Across display technologies and both hori-

zontal and vertical viewing angles: (1) legibility under the 0.5 klx and 10 klx intensities was signif-

icantly greater than for both the 50 klx and 100 klx intensities, and (2) legibility under the 100 klx

intensity was significantly poorer than for the S0 klx condition. This result is essentially identical

to that found with RS and the same recommendations for caution in interpretation hold true since

the effect does not account for differences based on display technology.
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Table 14

Summary of the ANOVA on Legibility Ratings

Source of Variance df MS F p .

Between Subjects

Age (A) 1 149.51 3.14 0.1019Subjects Within Age (S/A) 12 47.64

Within Subjects

Display (D) 6 74.38 15.23 0.0001D X A 6 9.39 1.92 0.0886D X S/A 72 4.88

Illumination (I) 3 49.40 15.83 0.0001I X A 3 1.75 0.56 0.6442I X S/A 36 3.12

Horizontal Angle (H) 2 9.49 7.57 0.0028H X A 2 4.47 3.57 0.0440H X S/A 24 1.25

Vertical Angle (V) 1 87.25 163.25 0.0001V X A 1 1.11 2.07 0.1759V X S/A 12 0.53

D X I 18 95.07 82.09 0.0001D x I x A 18 2.41 2.08 0.0076D x I x S/A 216 1.16

D X H 12 41.50 50.61 0.0001D x H x A 12 0.84 1.02 0.4292D x H x S/A 144 0.82

D X V 6 11.90 22.22 0.0001D X V X A 6 0.65 1.21 0.3089
D x V x S/A 72 0.54

I X H 6 31.78 114.05 0.0001
I x H x A 6 0.44 1.58 0.1650I x H x S/A 72 0.28
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Table 14 (cont'd)

Summary of the ANOVA on Legibility Ratings

Source of Variance df MS F p

I x V 3 7.86 12.09 0.0001I x V x A 3 0.35 0.55 0.6538I x V x S/A 36 0.65

H x V 2 30.46 85.94 0.0001H x V x A 2 2.17 6.12 0.0071H x V x S/A 24 0.35

D x I x H 36 1.38 4.01 0.0001D x I x H x A 36 0.73 2.13 0.0002D x I x H x S/A 432 0.34

D x I x V 18 0.66 1.40 0.1343D x I x V x A 18 0.31 0.65 0.8547D x I x V x S/A 216 0.47

D x H x V 12 3.85 12.05 0.0001D x H x V x A 12 0.20 0.63 0.8173D x H x V x S/A 144 0.32

I x H x V 6 3.89 20.86 0.0001I x H x V x A 6 0.34 1.80 0.1120I x H x V x S/A 72 0.19

D x I x H x V 36 0.70 2.90 0.0001D x I x H x V x A 36 0.37 1.52 0.0295
D x I x H x V x S/A 432 0.24

Total 2351
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Figure 82. The effect of display technology on the Iegibility ratings.
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Table 15

Newman-Keuls Test on the Effect of Display on the

Legibility Ratings

MSE = 4.884 df = 72 N = 336 Alpha = 0.05

Number of Means: 2 3 4 5 6 7
Critical Range: 0.340 0.408 0.448 0.477 0.499 0.517

Mean Display Grouping*

6.8214 LED A

6.6369 VFD A

6.5476 HTLCD A

6.4702 TFLCD A

6.4494 LCD A

5.6637 SIM B

5.6458 RCP B

*Displays with the same letter are not significantly

different.
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Figure 83. The effect of illumination on the Iegibility ratings.
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Table 16
l

Newman-Keuls Test on the Effect of Illuminance (klx) on the

Legibility Ratings

I

MSE = 3.1207 df = 36 N = 588 Alpha = 0.05

Number of Means: 2 3 4

Critical Range: 0.2089 0.2518 0.2775

Mean Illuminance Grouping*

6.5918 10 A

6.4898 0.5 A

6.2568 50 B

5.9388 100 C

*Illuminances with the same letter are not significantly

different.
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The main effect of horizontal viewing angle on the legibility ratings is illustrated in Figure 84.

The results of the Newman-Keuls test are presented in Table 17. The test revealed that across

display technologes, illumination intensities, and both vertical viewing angles, legbility was rated

significantly poorer for the R45 viewing angle than for the on-line and L45 viewing angles. Caution _

is again suggested since, similar to the frndings for RS, it is believed to be driven by the poor leg-

bility associated with the HTLCD and the R45 viewing angle.

The main effect of vertical viewing angle on the legbility ratings is illustrated in Figure 85.

Across display technologes, illumination intensities, and the horizontal viewing angles, legibility

was rated signiiicantly poorer for the 15-deg/glare viewing angle than for the on-line condition.

While it has been shown that glare negatively atfected RS performance, this finding was not con-

sistent across the seven display technologes,

Second-Order Interaction:

The horizontal angle by age interaction on the legbility ratings is illustrated in Figure 86. Al-

though this interaction does not reflect dilferences among the display candidates, the following in-

dications are evident: (1) in all cases, the legbility ratings from the age 50 to 70 group are lower than

those from the age 18 to 30 group; (2) the age 18 to 30 group rated the L45 angle highest, followed

by the on-line viewing angle and then the R45; and (3) the age 50 to 70 group rated the on-line

angle the highest, followed by the L45 angle and then the R45 viewing angle. The ratings for the

R45 viewing angle are affected by the known problem with the HTLCD and the on-lineviewingangle

is affected by the individual displays that are susceptible to glare under this particular condi-

tion.

The interaction of display technology and illumination intensity on the legbility ratings is il-

lustrated in Figure 87. Notice that the pattern of results in this interaction is almost identical to the

display by illumination interaction associated with RS for both age groups. In fact, the Pearson

product-moment correlation perforrned on the means of this interaction for RS and legbility ratings
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Table 17

Newman-Keuls Test on the Effect of Horizontal Angle (deg)

on the Legibility Ratings

MSE = 1.2530 df = 24 N = 784 Alpha = 0.05

Number of Means: 2 3

Critical Range: 0.1167 0.1412

Mean Angle Grouping*

6.3903 0 A

6.3750 L45 A

6.1926 R45 B

*Angles with the same letter are not significantly

different.
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across both age groups revealed an r = 0.88. Clearly, subjects were able to recognize the aspects

of image quality associated with good legibility and improved RS performance. In this interaction,

the following points are of interest: (1) the consistent degradation in rated legibility as illumination

intensity increases for the RCP and SIM; (2) the essentially identical ratings for the LCD and _
HTLCD, namely, substantially lower rated legibility under 0.5 klx with maintained, high ratings

of legibility at intensities of 10 klx and greater; (3) the maintenance of high legibility ratings for the

TFLCD and LED (with a small improvement evident with the LED) as illumination intensity in-

creased; and (4) good legibility ratings in general, for the VFD, with evidence of some degradation

as illumination intensity increased. Once again a familiar grouping of the display technologies

appears: (1) the RCP and SIM, (2) the LCD and HTLCD, (3) the LED and the TFLCD, and (4)

the VFD.

The interaction of display technology and horizontal viewing angle on the legibility ratings is

illustrated in Figure 88. This interaction is also very similar to the display by horizontal angle

interaction for RS. Overall, the main points of interest include: (1) generally stable ratings for the

LED, VFD, and TFLCD across all three horizontal viewing angles; (2) noticeable degradation in

the ratings for off-axis viewing compared to on-line viewing with the LCD and HTLCD; (3) in

comparing the LCD and HTLCD, a higher rating for the HTLCD than the LCD for both the L45

and on-line, but a noticeably lower rating for the HTLCD at the R45 viewing angle (again, pointing

out the visually obvious loss in contrast with the HTLCD at the R45 angle); and (4) a substantial

degradation in rated legibility with the RCP and SIM for on-line viewing compared to oif-axis

viewing angles. This last point is believed to be a result of the glare problems encountered with the

RCP and SIM under the 15-deg vertical, on-line horizontal viewing angles. In addition, an inter-

esting Ending is the slightly higher rated legibility associated with the HTLCD compared to the

LCD under off-axis viewing conditions.

The interaction of display technology and vertical viewing angle on the legibility ratings is il-

lustrated ir1 Figure 89. In general, this interaction reveals at least some loss in rated legibility for

all of the emissive display technologies except the LED under the 15-deg vertical viewing angle. It
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should be mentioned, again, that the problems associated with glare typically occurred during hor-

izontal on-line viewing and not under horizontal off—axis viewing angles.

Seen in combination, the interaction of illumination intensity and horizontal viewing angle and

the interaction of illumination intensity and vertical viewing, illustrated in Figure 90 and Figure 91,
L

respectively, provide evidence that the glare problems resulting in degraded legibility ratings oc-

curred under the horizontal on·line and 15-deg vertical viewing angle arrangement. Clearly, the

glare problems that resulted in the RS performance degradations described earlier were visually

obvious to the subjects. However, it should be kept equally clear that not all displays received
‘

degraded legibility ratings under this particular viewing angle arrangement.

The interaction of horizontal viewing angle and vertical viewing angle, illustrated in Figure 92,

also supports the interpretation described above. In general, the off-axis ratings appear consistent

with each other and only the ratings for the on-line horizontal viewing angle indicate a substantial

degradation.

Third-Order Interaction.:

The interaction of display technology, illumination intensity, and age on the legibility ratings

is illustrated in Figure 93 through Figure 96. In general, the same basic trends in ratings are evident .

for each of the displays between the two age groups with the following distinctions: (1) nearly

identical legibility ratings between age groups for the TFLCD, and VFD, (2) consistent trends in

ratings but noticeably lower ratings with the age 50 to 70 group for the RCP, SIM (at 100 klx),

LED, LCD, and to a smaller degree, the HTLCD. Two indications from this interaction warrant

additional mention: the surprising consistency in ratings between groups for the TFLCD and VFD,

and the somewhat surprising difference in ratings with the LED. Whereas the former finding points

to strong agreement regarding the legibility of the two displays across a substantial range in age and

viewing conditions, the latter finding points to a difference in rated legibility with a display tech-

nology that yielded excellent performance for both age groups.
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The interaction of horizontal viewing angle, vertical viewing angle, and age on the legibility

ratings is illustrated in Figure 97. Indications from this interaction include: (1) compared to the age

18 to 30 group, typically lower legibility ratings for all viewing angle combinations with the age 50

to 70 group; (2) for both age groups, a reduction in rated legibility for horizontal oif·axis viewing _

with the on-line vertical viewing angle; (3) for both age groups, consistent ratings across the two

vertical viewing angles for horizontal off-axis viewing angles; and (4) for the 15-deg/glare vertical

viewing angle and the age 18 to 30 age group, a noticeable reduction in rated legibility for the hor-

izontal on-line viewing angle while the age 50 to 70 group exhibited consistent ratings for all hori-

zontal viewing angles.

The interaction of display technology, illumination intensity, and horizontal viewing angle is

illustrated in Figure 98 and Figure 99. This interaction points out very similar ratings among the

displays for the two horizontal off-axis viewing angles but noticeably reduced ratings for the RCP

and SIM under on-line viewing conditions. This interaction is undoubtedly affected by the vertical

15-deg/glare condition under on-line viewing. lt is also clear that the two plasma displays, the RCP

and SIM, are most strongly affected under these viewing conditions. This frnding is consistent with

that revealed in the interaction of display technology, horizontal viewing angle, and vertical viewing

angle illustrated in Fig11re 100. Here, the reduction in legibility ratings is obvious for the two plasma

panels under on-line viewing and glare conditions. In addition, note that under on-line viewing

conditions at illuminance intensities of 10 klx and higher the HTLCD received superior legibility

ratings (closely matched by the LCD).

The final third·order interaction for legibility ratings is illustrated in Figure 101, the interaction

of illumination intensity, horizontal viewing angle, and vertical viewing angle. Again, the obvious

problems encountered with glare are evident under the combination of on-line viewing and the

vertical 15-deg viewing angle.
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DISPLA Y LEGIBILITY RANKINGS

The scores from the overall legibility rankings were inverted (i.e., 7 for most legible, l for least

legible) which provided a more meaningful representation of "overall" legibility with cumulative

scores. The results of the analysis on the legibility rankings for all 14 subjects using Friedman’s
_

two-way Rank Sum test (Hollander and Wolfe, 1973) is presented in Table 18. Illustrated in Figure

102, the results reflect a significant difference in overall legibility (S = 23.02, p < 0.001) among the

seven display technologies. Based on the combined scores of all 14 subjects, these legibility

rankings revealed the following: (1) the VFD was considered significantly more legible than both

plasma displays (i.e., the SIM and RCP); (2) the TFLCD was considered significantly more legible

than the RCP; (3) no significant difference in overall legibility was found among the VFD, TFLCD,

LED, LCD, and HTLCD technologies; (4) no significant difference in overall legibility was found

among the TFLCD, LED, LCD, HTLCD, and SIM technologies; and (5) no significant difference

in overall legibility was found among the LED, LCD, HTLCD, SIM, and RCP technologies.

An interesting consistency can be discemed from the overall display legibility rankings when -

compared to the main effect of display for both the RS performance and legibility ratings. In gen-

eral, the display technologies are ranked in an order quite similar to the results associated with both

RS performance and rated legibility. However, lest the conclusion be drawn that merely requesting

observers to rank order a variety of display candidates according to perceived legibility is suflicient

for identifying the best device, an important distinction must be clearly expressed. In the course

of this experiment, each subject performed nearly 500 trials of the numeral identification task with

each of the seven display technologies under a broad range of viewing conditions. In addition, each

subject was routinely requested to rate the associated legibility for these display devices. Upon the

completion of the seven experimental sessions, each subject could be considered thoroughly expe-

rienced in their ability to judge legibility. In fact, the high correlation between RS performance and

legibility ratings discussed above clearly revealed this ability. Therefore, it is not surprising that

evidence of the subjects’ ability to judge legibility was reflected in the rankings of the display tech-

nologies.
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Table 18

Results of the Friedman's Two-Way Rank Sum Test on Display

Legibility Rankings

k = 7 n = 14 S = 23.02 p < 0.001

Critical Difference = 33.7 (Alpha = 0.05)

Rank Sum** Display*

75 VFD A

69 TFLCD A B

67 LED A B C

60 LCD A B C

48 HTLCD A B C

39 SIM B C

34 RCP C

* Displays with the same letter are not significantly

different.

** Rank scores were inverted (i.e., 7 for best overall

legibility, 1 for worst overall legibility).
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A brief summary of the major frndings from the ANOVA results on RS performance is provided

below. Key conclusions are described according to the variables manipulated in the experiment.

Age

In general, a nearly two-to-one difference in RS performance was found across main effects and

higher-order interactions between the two age groups. Superior RS performance was consistently

exhibited by subjects of the age 18 to 30 group. In addition, RS performance between the two age

groups was affected in virtually the same manner iridicating the importance of the manipulated

legibility parameters across the user population despite the age of the observer. Overall, display

design for public use, consistent with good legibility, should reasonably be driven by considerations

associated with the needs of the age 50 and older segment of the population. In providing sufficient

legibility, the needs of the less than age 50 segment of the population will likely be met.

Flat-Panel Display Technology

Distinct similarities were consistently found among pairings of the flat-panel display technolo-

gies. In general, the results are very similar between the RCP and SIM, between the LCD and

HTLCD, and between the LED and TFLCD. Although the two plasma panels were associated

with good legibility under moderate ambient illumination (i.e., 0.5 klx to 10 klx), both displays were

prone to severely reduced legibility under conditions of intense ambient illumination (i.e., 50 klx

and higher). This was particularly noticeable with the combination of the 0 deg horizontal and

15-deg/glare vertical viewing angles. Although similar to the plasma displays with respect to its

ernissive characteristics, RS performance with the VFD was far less degraded under the same high

ambient conditions. It is likely that the higher (inherent) symbol luminance of the VFD is re-

sponsible for the maintenance of legibility under these higher illumination intensity conditions.
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Despite the unfortunate problem encountered with the location of the director for the HTLCD,

performance with the HTLCD and LCD was found to be essentially identical. In general, both

displays were associated with substantially reduced legibility under conditions of low ambient illu-

rnination (i.e. 0.5 klx) and good legibility at the higher intensities of 10, 50, and 100 klx. In addition,

reduced legibility occurred with both displays under conditions of horizontal off-axis viewing. Al-
E

though RS performance with the HTLCD and LCD under horizontal off-axis conditions was vir-

tually the same, the legibility ratings indicate a perceptible improvement with the HTLCD over the

LCD. Further credit is due the HTLCD device in comparison to the LCD since the HTLCD is

a matrix-addressed liquid-crystal device while the LCD is of the more common direct-addressed
‘

design. (Matrix-addressed LCDs involve substantially more complex voltage constraints that typi-

cally involve reductions in contrast.) Overall, the RS performance results for both displays support

one of the known built-in limitations of nonernissive LCD devices (without back-lighting): they

depend on ambient illumination to be seen. A final realization regarding these two displays has to

do with concem over specular reflections at the display surface. The common use of clear lexan-

type protective filters with these devices will undoubtedly lead to specular reflections (from the en-

vironment or even the observer) which will interfere with the perception of displayed symbology.

The LED and TFLCD proved to be two of the best display devices under the viewing and il-

lumination conditions exarnined in the experiment. In general, both technologies remained largely

unaffected by increases in illumination beyond that of a typical office intensity (i.e., 0,5 klx).
‘

However, some complaints from the subjects were noted with respect to the intense luminance of

the LED under 0.5 klx, and a small degradation in RS performance was found with the TFLCD

under horizontal off-axis viewing angles. The latter point is most likely a result of reduced stroke

width with the TFLCD due to the front "mask" of the display which casts a shadow along the edge

of the stroke when viewed off-axis. In addition, concems similar to those mentioned for the

HTLCD and LCD likely apply to the reilective characteristics of the TFLCD as well, namely, the

underlying dependence on ambient illumination under certain conditions.
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Symbol Subzense

Symbol subtense was clearly the most important factor examined with respect to legibility.

When collapsed across both age groups, a significant irnprovement in RS performance resulted from

an increase in symbol subtense from 10 to 15 minutes of arc. Furthermore, a second, siguificant
S

improvement in performance occurred when the symbol subtense was increased from 20 min to

25 min. In this way, the results support a general recommendation for a symbol subtense on the

order of 25 minutes of arc for presenting numeric information on displays designed for public use

both indoors and outdoors. In addition, the link between symbol subtense and stroke width was

reflected in the general reduction in performance evident with subtenses less than 20 min under
l

conditions of horizontal off-axis viewing. Indications were present that the legibility of displays

with elements of comparatively thinner stroke width could be improved with increases in symbol

subtense to 20 min. Overall, the results attributed to symbol subtense corroborate the information

presented in Figure 4 and the criteria recommended in the analytical summary of the past legibility

research.

Illumination and Viewing Angle:
·

In general, combinations of the horizontal and vertical viewing angles in the experiment had

differential effects on RS performance dependent on the relationship between the display technol-

ogy, illumination, and symbol subtense. Differences in performance associated with the emissive

display devices and the vertical viewing angles examined were almost exclusively driven by glare

encountered under the combination of the 0 deg horizontal, 15-deg/glare vertical viewing angles.

As mentioned above, horizontal off—axis viewing is a problem with nonemissive displays (e.g., LCD

technologies) due to a loss in contrast, especially under low ambient illumination conditions (which

gives rise to a low luminance display). On the other hand, symbol luminance for the LCD reached

uncomfortable levels (approximately 8000 to 12,000 nits) under conditions of intense, reflected il-

lumination (from 50 to 100 klx).
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DISPLAY CHARACTERIZATION MEASUREMENTS

This section presents the summary tables for several of the display characterization measure-

ments collected from the seven flat·panel displays under the illumination and viewing conditions

examined in the experiment. These measurements were accomplished with the microradiometric
I

and microphotometric measurements systems and techniques described in Appendix A.

The measurements performed with the microphotometric measurement system provided the

necessary information regarding the following display and image characteristics: (1) symbol and

background luminance, (2) luminance modulation, (3) symbol stroke width (and stroke width-to-

height ratio), and (4) the two MTF-related measures (ASWMTF and SWMTFA). Vertical symbol

height at the display was measured using a minature thin·metal straight edge (marked in mm) and

a 10X magnifying loupe. Care was taken to avoid any parallax problems encountered while making

such measurements through a display’s front (glass) surface that would result in error. All meas-

urements were compared with information from the display manufacturer’s schematics and spec-l
ifications to identify inconsistencies. Symbol height for the seven displays included the following:

14 mm for the RCP and TFLCD, 12.7 mm for the SIM, 15 mm for the VFD, 14.2 mm for the

LED, and 18 mm for the LCD and HTLCD.

The measurements performed with the microradiometric measurement system provided the

necessary information regarding the chromaticity of the different symbol elements and backgrounds

under the various types of illurnination calculated in both CIE 1931 (x,y) and 1976
(u’,v’)

chromaticity coordinates. From these measurements it was possible to calculate Lippert’s (1986)

dE color difference values between symbol and background.

The different image quality and display measurements were used as regressor variables in the

derivation of the legibility prediction models. In effect, the differences among the display attributes

of the seven flat-panel display technologies were used to account for the resultant differences in

legibility as measured by user performance. Summary tables of the the measurements characterizing

l
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modulation (M), dE, stroke width, and stroke width·to-height ratio as a function of illuminauce

and viewing angles are provided in this section. The remaining, more numerous, summary tables

of the symbol (or maximum) luminance, chromaticity, and image quality (ASWMTF and

SWMTFA) measures are provided in Appendix A.
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Table 19

Viewing Distances (m) for the Seven Flat-Panel Displays

Symbol Subtense (min)

Display
Type 10 15 20 25 30

RCP &
TFLCD 4.81 3.21 2.41 1.93 1.60

SIM 4.37 2.91 2.18 1.75 1.46

LED 4.88 3.25 2.44 1.95 1.63

VFD 5.16 3.44 2.58 2.06 1.72

LCD & ~
HTLCD 6.19 4.13 3.09 2.48 2.06
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Table 20

Luminance Modulation (M) (and dE Values) According to

Illuminance for the Seven Display Technologies at a

Horizontal Viewing Angle of 0 deg and a Vertical Viewing .

Angle of 0 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.94 0.96 0.99 0.90 0.67 0.67 0.88

(156) (159) (155) (146) (124) (124) (150)

10 0.64 0.72 0.94 0.76 0.80 0.61 0.62

(126) (135) (162) (137) (138) (119) (120)

50 0.40 0.44 0.84 0.50 0.80 0.62 0.50

(92) (98) (174) (105) (138) (120) (105)

100 , 0.34 0.37 0.79 0.37 0.82 0.62 0.55

(79) (85) (170) (85) (139) (120) (111)
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Table 21

Luminance Modulation (M) (and dE Values) According to

Illuminance for the Seven Display Technologies at a

Horizontal Viewing Angle of O deg and a Vertical Viewing

Angle of 15 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.82 0.83 0.96 0.85 0.48 0.27 0.39

(147) (147) (152) (142) (101) (68) (94)

10 0.28 0.23 0.79 0.55 0.82 0.69 0.29

(69) (61) (149) (113) (140) (128) (70)

50 0.19 0.15 0.65 0.26 0.80 0.72 0.25

(49) (42) (160) (65) (138) (131) (63)

100 0.05 0.11 0.61 0.17 0.86 0.72 0.29

(10) (31) (156) (46) (144) (131) (71)
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Table 22

Luminance Modulation (M) (and dE Values) According to

Illuminance for the Seven Display Technologies at a

Horizontal Viewing Angle of L45 and a Vertical Viewing 1
Angle of 0 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.82 0.82 0.97 0.79 0.12 0.17 0.41
(144) (146) (153) (137) (33) (46) (96)

10 0.69 0.69 0.95 _ 0.69 0.34 0.62 0.50

(131) (132) (163) (129) (78) (119) (106)

50 0.40 0.48 0.93 0.49 0.51 0.71 0.58

(92) (104) (181) (103) (105) (130) (117)

100 0.27 0.39 0.89 0.37 0.55 0.71 0.62

(69) (88) (179) (85) (109) (130) (122)
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Table 23

Luminance Modulation (M) (and dE Values) According to

Illuminance for the Seven Display Technologies at a

Horizontal Viewing Angle of R45 and a Vertical Viewing .

Angle of 0 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.79 0.84 0.97 0.78 0.14 0.10 0.49

(141) (147) (154) (136) (37) (29) (103)

10 0.64 0.70 0.96 0.67 0.27 0.19 0.48

(126) (131) (163) (127) (65) (50) (105)

50 0.37 0.49 0.93 0.48 0.40 0.31 0.57

(88) (106) (181) (102) (88) (74) (116)

100 0.29 0.36 0.89 0.36 0.46 0.31 0.56

(72) (84) (178) (83) (98) (74) (115)
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Table 24

Luminance Modulation (M) (and dE Values) According to

Illuminance for the Seven Display Technologies at a

Horizontal Viewing Angle of L45 and a Vertical Viewing

Angle of 15 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.79 0.81 0.96 0.74 0.14 0.14 0.25

(143) (145) (153) (132) (38) (38) (70)

10 0.63 0.74 0.95 0.67 0.37 0.61 0.33

(124) (138) (162) (127) (84) (117) (82)

50 0.34 0.48 0.91 0.47 0.57 0.57 0.42

(82) (104) (179) (99) (113) (114)
”

(92)

100 0.24 0.38 0.86 0.34 0.63 0.57 0.46

(62) (87) (176) (80) (120) (114) (102)
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Table 25

Luminance Modulation (M) (and dE Values) According to

Illuminance for the Seven Display Technologies at a

Horizontal Viewing Angle of R45 and a Vertical Viewing .

Angle of 15 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.80 0.84 0.97 0.75 0.13 0.15 0.33

(143) (148) (154) (133) (37) (40) (84)

10 0.67 0.70 0.95 0.67 0.37 0.26 0.39

(128) (132) (163) (127) (86) (64) (92)

50 0.41 0.48 0.91 0.47 0.39 0.36 0.50

(92) (105) (180) (100) (104) (83) (107)

100 0.29 0.35 0.83 0.33 0.50 0.36 0.45

(72) (84) (174) (79) (104) (83) (97)

- 226



Table 26

Symbol Stroke Width (mm) (and Stroke Width-to-Height Ratio

(percent)) According to Illuminance for the Seven Display

Technologies at a Horizontal Viewing Angle of 0 deg and a

Vertical Viewing Angle of O deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.64 0.85 1.34 1.15 2.24 2.22 1.86

(4.6) (6.7) (9.5) (7.7) (12.5) (12.3) (13.3)

10 0.62 0.87 1.34 1.13 2.24 2.20 1.84

(4.5) (6.8) (9.4) (7.5) (12.4) (12.2) (13.3)

50 0.56 0.88 1.34 1.10 2.24 2.22 1.82

(4.0) (7.0) (9.4) (7.4) (12.4) (12.3) (13.0)

100 0.53 0.90 1.34 1.08 2.26 2.22 1.81

(3.8) (7.0) (9.5) (7.2) (12.6) (12.3) (12.9)
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Table 27

Symbol Stroke Width (mm) (and Stroke Width—to-Height Ratio

(percent)) According to Illuminance for the Seven Display

Technologies at a Horizontal Viewing Angle of 0 deg and a .l
Vertical Viewing Angle of 15 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.64 0.89 1.35 1.17 2.24 2.24 1.85

(4.6) (7.0) (9.5) (7.7) (12.4) (12.4) (13.2)

10 0.54 0.90 1.35 1.15 2.26 2.20 1.85

(3.8) (7.0) (9.5) (7.7) (12.6) (12.2) (13.2)

50 0.44 0.93 1.43 1.14 2.26 2.21 1.81

(3.2) (7.4) (9.9) (7.6) (12.6) (12.3) (12.9)

100 0.43 0.92 1.40 1.09 2.32 2.21 1.63

(3.1) (7.3) (9.9) (7.3) (12.8) (12.3) (11.6)

228



Table 28

Symbol Stroke Width (mm) (and Stroke Width-to—Height Ratio

(percent)) According to Illuminance for the Seven Display

Technologies at a Horizontal Viewing Angle of L45 and a —

Vertical Viewing Angle of 0 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.73 0.75 1.00 0.85 2.60 2.09 1.33

(5.2) (5.9) (7.0) (5.7) (14.4) (11.6) (9.5)

10 0.69 0.75 0.97 0.81 2.18 2.20 1.25

(4.9) (5.9) (7.0) (5.4) (12.1) (12.2) (9.0)

50 0.70 0.75 0.95 0.79 2.25 2.35 0.87

(5.0) (5.9) (6.7) (5.3) (12.5) (13.1) (6.2)

100 0.67 0.74 0.93 0.75 2.30 2.35 0.97

(4.8) (5.8) (6.6) (5.0) (12.8) (13.1) (6.9)
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Table 29

Symbol Stroke Width (mm) (and Stroke Width-to-Height Ratio

(percent)) According to Illuminance for the Seven Display

Technologies at a Horizontal Viewing Angle of R45 and a .

Vertical Viewing Angle of O deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.70 0.73 0.97 0.85 2.53 2.82 1.35

(5.0) (5.7) (7.0) (5.7) (14.1) (15.7) (9.6)
l

10 0.68 0.74 0.98 0.83 2.21 2.92 1.31
(4.9) (5.8) (7.0) (5.6) (12.3) (16.2) (9.4)

50 0.63 0.76 0.99 0.82 2.10 2.70 0.89

(4.5) (6.0) (6.7) (5.5) (11.7) (15.0) (6.3)

100 0.60 0.76 1.00 0.80 2.26 2.70 0.85

(4.3) (6.0) (7.0) (5.3) (12.6) (15.0) (6.1)
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Table 30

Symbol Stroke Width (mm) (and Stroke Width-to-Height Ratio

(percent)) According to Illuminance for the Seven Display

Technologies at a Horizontal Viewing Angle of L45 and a

Vertical Viewing Angle of 15 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.79 0.73 1.01 0.85 1.75 2.43 1.39

(5.7) (5.8) (7.1) (5.6) (10.0) (13.5) (9.9)

10 0.78 0.74 1.00 0.83 1.74 2.10 1.21

(5.6) (5.8) (7.0) (5.5) (10.0) (11.7) (8.6)

50 0.76 0.73 1.00 0.81 1.80 2.19 0.88

(5.5) (5.8) (7.0) (5.4) (10.0) (12.2) (6.3)

100 0.74 0.73 1.00 0.80 1.95 2.20 0.93

(5.3) (5.8) (7.0) (5.3) (11.0) (12.2) (6.6)
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Table 31

Symbol Stroke Width (mm) (and Stroke Width—to-Height Ratio

(percent)) According to Illuminance for the Seven Display

Technologies at a Horizontal Viewing Angle of R45 and a

Vertical Viewing Angle of 15 deg

Display Type
Intensity

(klx) RCP SIM LED VFD LCD HTLCD TFLCD

0.5 0.70 0.73 0.93 0.83 2.49 2.15 1.33

(5.0) (5.7) (6.6) (5.5) (13.9) (11.9) (9.5)

10 0.68 0.75 0.94 0.82 2.16 2.26 1.26

(4.8) (5.9) (6.6) (5.5) (12.0) (12.6) (9.0)

50 0.65 0.76 0.95 0.81 2.02 2.20 0.86

(4.6) (6.0) (6.7) (5.4) (11.0) (12.2) (6.1)

100 0.56 0.77 0.97 0.77 2.26 2.20 0.74

(4.0) (6.1) (6.8) (5.2) (12.6) (12.2) (5.3)
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LEGIBILITY PREDICTION MODELS

INTRODUCTION

Specilically, the stated purpose of this research effort was to derive legibility prediction equations
_

for flat-panel displays. It is pointed out that these prediction models are based on and to a degree

limited by the original constraints of the project, the viewing conditions sirnulated, and the candi-

date display technologies themselves. The legibility prediction equation(s) presented in this section

take the following form:

L = ßo + ßixx + ßzxz + ßsxs ßnxn (12)

where L is legibility (as measured by reading speed (RS)); ß„ is the intercept; ß,, ß„

areweightingcoeflicients (i.e., parameter estimates or, in special cases, standardized beta coefficients);

and x,, x,, x3, x„ are the measured environmental and display variable quantities.

Two sets of legibility prediction models were developed based on the RS performance data.

The first set is referred to as "complex" models since, in addition to the display characterization

regressor variables, they involved quantities and measurements associated with the modulation

transfer function (MTF) concept. These regressor variables include the two stroke width-MTF

measures (i.e., ASWMTF and SWMTFA). The implied complexity is in terms of the additional

equipment and procedural demands required to acquire and calculate these display image quality

measures. For each age group, prediction models were developed for: (1) a combination of all seven

display technologies (to provide a reference base model), (2) individual display technologies, (3)

appropriately paired combinations of similar display technologies, and (4) a special, generalized

model calculated to include all of the display technologies cxamined.

Upon dexivation of the two age-related generalized legibility models, a comparison of the pre-

dictive power of each model with the other age group was considered meaningtirl. This
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comparision might reveal differences in display design attributes that are more important to one

segment of the population than another.

The second set of regression equations is referred to as "simplified." This is intended to denote

that, in comparison to the complex models, the equipment and procedural requirements to acquire

_

the necessary quantities are reduced and much more easily accumulated. In effect, these models

were derived without the two image quality measures mentioned above and were solely based on

the remaining display characterization regressor variables. Again, for each age group, models were

developed for the individual displays, paired combinations of the displays, and all seven technolo-
I

ges together.

A third set of prediction equations was developed based on the data accumulated from the

subjective legbility ratings. These equations were specifically derived in contrast to the RS per-

formance data which related specific design variables to human performance as an indicant of leg-

bility. The models based on the subjective ratings of legbility are intended to provide an insight

into which display design features the subjects themselves considered representative of good leg-

bility. For these models, all of the display and image quality measures were considered as regressor

variables.

APPROA CH

In general, the approach employed during model development made extensive use of the rec-

ommendations put forth by Myers (1986). This approach involved both classical regression tech-

niques for model building and selection along with many of the modem techniques currently

available. All analyses were performed on the IBM 3090 mainframe computer at VPI & SU using

SAS (1985) statistical analysis software. In addition, the approach involved the use of an "all pos-

sible regressions" macro routine developed and provided by Dr. Myers and the VPI & SU Statistics

Department.
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As an overview, the regression model development approach involved the following steps:

1. Perforrn an initial calculation of correlations among the regressor variables. Closely examine

any variables that appear to be providing redundant information.

2. Perforrn an all possible regressions analysis on the data set of interest with all measured

regressor variables. This procedure calculated all possible combinations of the environmental

and display variables regressed against the RS performance measure. The number of possible

combinations is determined by the number of regressor variables to be included (i.e., 2* possi-

ble models based on k number of regressors). In this way, for nine regressor variables, 512
' individual models are generated.

3. Select the most promising candidate predictive model(s) based on several statistical criteria in-

cluding the Cp and PRESS statistics, the mean square error (sz), and the coefficient of deter-

mination (R2). -

4. For the candidate models, analyze the residuals to check for possible model misspecilication

or the need for transformation of any variables. Although transforming variables may be re-

quired, retention of the regressor variables in an untransformed state is desirable.

5. Checking for outliers or suspicious data points will not be performed since all 840 experimental

conditions are to be included in the model(s).

6. Perforrn a series of t-tests on the parameter estimates to aid in determining which variables are

contributing to the model and prediction. In general, a p value of 0.10 was used to eliminate

any redundant or unnecessary variables while maintaining the PRESS statistic, sz value, and

the R2 value. A final regression candidate was selected using this process. However, in in-

stances in which the elimination of parameter estimates (i.e., intercepts or variables) with p

values greater than 0.10 resulted in an inilation of the Cp and/or PRESS values, the parameter

estimates were retained to preserve prediction accuracy and balanced model specification.

235



7. Perform multicollinearity diagnostics to identify ar1y linear dependencies (collinearity) among

the model parameters. The presence of collinearity is very important since it does not affect

the so-called "fit' of the regression (i.e., the R1 ) but can severely impair good prediction.

Modify the model accordingly without sacrificing the quality of prediction.

8. Select final model providing best legibility prediction.

9. Center and scale the data set and derive the standardized regression coeflicients for the final

regression model. This procedure provides a weighting coefiicient scale allowing for a com-

parison of the relative importance of the parameters in the presence of each other. .

In general, the above approach was used both initially and throughout the entire model-building

effort. As a result of the initial regression analyses, transformation of any of the regressor variables

was determined to be of no benefit. Although some rescaling of the measures was required, all

further models developed were based on the display characterization regressor variables in their or-
”

iginal measured form.

INITIAL CORRELATIONS

Prior to performing any regression analyses, Pearson product-moment correlations were calcu- ·

lated among the display characterization regressor variables and RS performance for the two age

groups. The results of these calculations are provided in Table 32. As expected, strong positive

correlations were found: (1) between the dE and modulation measures, (2) between the two

MTF-related measures (i.e., ASWMTF and SWMTFA), and (3) among all four of these image

quality variables. These initial indications supported the strong suspicion that multicollinearity

would exist between pairs of these variables and among all four quantities. Nonetheless, all four

regressors were retained.

Naturally, a strong negative correlation was found between symbol subtense and viewing dis-

tance (i.e., a reduction in symbol subtense with increases in viewing distance.) In general, many
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Table 32

Pearson Product-Moment Correlations Among the Display

Characterization Regressor Variables and RS for the Age

18 to 30 Group (RS1) and the Age 50 to 70 Group (RS2) .

ASWMTF SWMTFA

RS1 0.17 0.23

RS2 0.13 0.20

SS -0.49 -0.41

VD 0.38 0.30

ILL -0.20 -0.22

SWHR -0.35 -0.34

LUM 0.05 0.06

dE 0.75 0.81

M 0.77 0.83

ASWMTF - 0.99
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Table 32 (cont'd)

Pearson Product-Moment Correlations Among the Display

Characterization Regressor Variables and RS for the Age

18 to 30 Group (RS1) and the Age 50 to 70 Group (RS2) .

SS VD ILL SWHR LUM dE M

RS1 0.41 -0.49 -0.14 0.09 0.01 0.57 0.53

RS2 0.54 -0.55 -0.15 0.05 0.14 0.59 0.57

SS -0.90 0.00 0.00 0.00 0.00 0.00

VD 0.00 0.22 0.07 -0.06 -0.05

ILL -0.07 0.31 -0.14 -0.23

SWHR 0.16 -0.19 -0.16

LUM 0.15 0.19

dE 0.97

RS = Reading Speed SS = Symbol Subtense (min)

VD = Viewing Distance (m) ILL = Illuminance (klx*10'2)

SWHR = Stroke Width—to—Height Ratio (percent)

LUM = Symbol Luminance (nits*10'2)

ASWMTF = Area Under the Stroke Width MTF

SWMTFA = Area Under the Stroke Width MTFA
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of the correlations are smaller than expected both between the display variables and RS perform-

ance and among the display variables themselves. This is likely due to the fact that these corre-

lations were calculated across the seven different display technologies. As witnessed from the

ANOVA results and display measurements, the different technologies hold different relationships _

with both the manipulated experimental variables and display characterization measurements.

Overall, the correlations between the display characterization measures and RS performance are

very similar across the two age groups. In brief summary of these initial correlations, note the

following:

l.„ A moderate, positive correlation between symbol subtense and RS performance (mirrored by

a similar negative correlation between viewing distance and RS), with a stronger correlation

found with the age 50 to 70 group than the age 18 to 30 group. This follows the ANOVA

results which suggested that the age 50 to 70 group was more sensitive to differences in symbol
' subtense.

2. A small but similar negative correlation across age groups between illurnination intensity and

RS performance. It is likely that this correlation was affected by the difference in response

between ernissive and nonernissive displays in the presence of varying intensities of illumi-

nation.

3. A small positive correlation between stroke width-to-height ratios and RS. This may indicate

that little variation occurred in this measure across the seven technologies, possibly rendering

it of reduced value as a predictor.

4. A noticeable difference in correlation across age groups between symbol luminance and RS. _

A much stronger correlation was found with the age 50 to 70 group than with the age 18 to

30 group. «

u
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5. Note the similar, strong positive correlations between both dE and modulation with RS per-

formance for both age groups. Clearly, both of these measures have a strong association with

legibility and RS.

6. Finally, the relatively small correlation between RS performance and the two MTF-related

measures of image quality. Note the moderate negative correlations between these measures

and symbol subtense which confrrms their counter·indicative nature.

As a fmal point, although many of the above correlations may suggest limited relationships with

RS performance, it must be remembered that. with multiple regression the strength of these *

regressors is based on their relationship in the presence ofeach other, not individually.

COMPLEX MODELS

All of the regression models presented in this section were found statistically significant at the

p = 0.0001 level. In order to create regression models which provided a comparative prediction

reference base, an all·possible-regressions procedure was perforrned on the entire data set for each

age group with all nine display variables and all seven display teclmologies. The best legibility

prediction models for the combination of all seven flat-panel display technologies with the age 18

to 30 group (n = 840) and age 50 to 70 group (n = 840) are provided in Table 33 and Table 34,

respectively. Note the PRESS statistics for each group: 61.1 for the age 18 to 30 group, and 38.2

for the age 50 to 70 group. These values provide a prediction capability reference base for each

age-dependent data set and are used as comparative measures throughout this section.

An examination of the parameter coeflicients for these reference models provides the first evi-

dence of multicollinearity among several of the regressor variables. Note the presence of coefficients

with signs opposite that expected. Since the presence of multicollinearity is seen throughout the

models presented here, a brief description of this problem is warranted.
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Table 33

The Best Legibility Prediction Model for all Seven Flat-

Panel Display Technologies Combined with the Age 18 to 30

Group .

Press = 61.1 Cp = 10.0 p = 10 MSE = 0.072 R2 = 0.67

Parameter Standardized
Variable Coefficient (b) p Coefficient (F)

Intercept 1.82377 0.0001 0

Symbol
Subtense (min) -0.01830 0.0001 -0.28008

Viewing
Distance (m) -0.32283 0.0001 -0.91244

Illuminagce
(klx*10‘ ) -0.07520 0.0125 -0.06387

Stroke Width-
to-Height Ratio
(percent) 0.06576 0.0001 0.46292

Symbol
Luminance
(nits*10'2) -0.00121 0.1408 -0.03620

dE 0.01288 0.0001 1.04719

Modulation -0.99880 0.0001 -0.53213

ASWMTF 0.04861 0.0001 0.91285

SWMTFA -0.05313 0.0003 -0.77344
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Table 34

The Best Legibility Prediction Model for all Seven Flat-

Panel Display Technologies Combined with the Age 50 to 70

Group _

Press = 38.2 Cp = 5.0 p = 7 MSE = 0.045 R2 = 0.67

Parameter Standardized
Variable Coefficient (b) p Coefficient (F)

Intercept 0.51800 0.0001 0

Symbol
Subtense (min) 0.00643 0.0276 0.12358

Viewing
Distance (m) -0.13983 0.0001 -0.49642

Stroke Width-
to-Height Ratio
(percent) 0.02860 0.0001 0.25292

Modulation 1.00321 0.0001 0.67136

ASWMTF 0.02781 0.0012 0.65600

SWMTFA -0.03914 0.0006 -0.71569
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Multicollinearity exists when the regressor variables are not independent of one another and

contain redundant information. In other words, a linear dependency exists between two or more

of the variables. In such cases, the regression coeflicients may be poorly estimated leading to a re-

duction in accurate prediction. Although the presence of multicollinearity does not necessarily

damage the fit of the regression, it does tend to inllate the variances of the parameter coetlicients

and render them unstable (leading to a reversal of the expected sign for the parameter).

ln general, the two basic approaches to dealing with multicollinearity involve either eliminating

one of the variables participating in the dependency or turning to another series of regression pro-

cedures referred to as biased estimation techniques. On the other hand, if some linear dependency U
exists but the removal of one of the variables results in an overall loss in prediction, some

collinearity may be tolerated. In such cases, accepting the slightly biased parameter estimation for

the sake of prediction is reasonable.

Individual Technology-Bared Models

The data set for each age group was divided according to display technology and an all-

possible-regressions procedure was performed on each of the resultant data sets (14 data sets, n =

120). The seven best technology-based legibility prediction models for the age 18 to 30 group and .

age 50 to 70 group are presented in Table 35 through Table 48, respectively.

Selection of these individual models was primarily based on the C, and PRESS statistics. In

general, the following points are important: (1) ll of the 14 models have C, values indicating re-

duced bias, balanced model specilication, and good prediction potential compared to the individual

full models, (2) small, comparative PRESS values for each model, (3) values for R2 range from 0.80

to 0.93 for the age 18 to 30 group and from 0.89 to 0.95 for the age 50 to 70 group, (4) the combined

PRESS values for all seven display technologies is 15.7 for the age 18 to 30 group and 8.3 for the

age 50 to 70 group, (5) most models contain the viewing distance, dE, modulation, and at least one

of the MTF·related measures, (6) in general, increases in viewing distance are associated with a
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Table 35

The Best Legibility Prediction Model for the HTLCD with the

Age 18 to 30 Group

Press = 2.7 Cp = 6.3 p = 8 MSE = 0.021 R2 = 0.92

Parameter Standardized
Variable Coefficient (b) pCoefficientIntercept

1.93062 0.0001 0

Symbol
Subtense (min) -0.02066 0.0010 -0.29354

Viewing
Distance (m) -0.33891 0.0001 -1.00350

Symbol
Luminance
(nits*10'2) 0.00490 0.0001 0.14850

dE 0.04832 0.0001 3.44805

Modulation -6.94409 0.0001 -3.15217

ASWMTF -0.09982 0.0217 -1.07666

SWMTFA 0.16367 0.0004 1.39747
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Table 36

The Best Legibility Prediction Model for the LCD with the

Age 18 to 30 Group

Press = 2.4 Cp = 3.8 p = 6 MSE = 0.018 R2 = 0.90

Parameter StandardizedVariable Coefficient (b) p

CoefficientIntercept3.28869 0.0001 0

Symbol
Subtense (min) -0.02842 0.0001 -0.47503

Viewing
Distance (m) -0.47967 0.0001 -1.67099

dE 0.18889 0.0001 1.56016

Modulation -3.35059 0.0001 -1.86765

ASWMTF 0.07755 0.0001 1.02901
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Table 37

The Best Legibility Prediction Model for the RCP with the

Age 18 to 30 Group

Press = 3.2 Cp = 8.6 p = 8 MSE = 0.024 R2 = 0.93

Parameter Standardized
Variable Coefficient (b) p Coefficient (F)

Intercept 1.98117 0.0001 0

Viewing
Distance (m) -0.04899 0.0976 -0.10192

Illuminagce
(k1x*10' ) -0.13848 0.0791 -0.09862

Symbol
Luminance
(nits*10'2) -0.07405 0.0001 -0.65941

dE 0.00973 0.1000 0.65488

Modulation -2.59724 0.0028 -1.15237

ASWMTF -0.17917 0.0001 -2.75417

SWMTFA 0.28461 0.0001 3.36191



Table 38

The Best Legibility Prediction Model for the SIM with the

Age 18 to 30 Group

Press = 1.7 Cp = 7.3 p = 8 MSE = 0.012 R2 = 0.93

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 2.71919 0.0001 0

Symbol
Subtense (min) -0.01080 0.0255 -0.19085

Viewing
Distance (m) -0.24297 0.0001 -0.63145

Illuminaäce
(klx*10' ) -0.62547 0.0001 0.61349

Stroke Width-
to-Height Ratio
(percent) 0.06886 0.0094 0.09749

Symbol
Luminance
(nits*10'2) -0.04844 0.0001 -0.49960

ASWMTF 0.04853 0.0365 1.00199

SWMTFA -0.05653 0.0439 -0.87623
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Table 39

The Best Legibility Prediction Model for the TFLCD with the

Age 18 to 30 Group

Press = 2.1 Cp = 6.7 p = 7 MSE = 0.016 R2 = 0.84

Parameter Standardized
Variable Coefficient (b) p Coefficient (F)

Intercept 1.84087 0.0001 0

Viewing
Distance (m) -0.24674 0.0001 -0.92416

Stroke Width-
to-Height Ratio
(percent) 0.04074 0.0001 0.36793

dE 0.01987 0.0001 1.26833

Modulation -3.04023 0.0001 -1.39391

ASWMTF -0.09411 0.0001 -1.53272

SWMTFA 0.16584 0.0001 1.92132
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Table 40

The Best Legibility Prediction Model for the LED with the

Age 18 to 30 Group

Press = 1.3 Cp = 6.3 p = 7 MSE = 0.010 R2 = 0.81

Parameter Standardized
Variable Coefficient (b) p Coefficient (P)

Intercept 2.03427 0.0001 0

Viewing
Distance (m) 0.10988 0.0222 0.57348

Stroke Width-
to-Height Ratio
(percent) -0.04791 0.0162 -0.27594

dE 0.00217 0.0312 0.10496

Modulation 0.79135 0.0003 0.34386

ASWMTF -0.13702 0.0001 -5.51251

SWMTFA 0.13378 0.0001 3.98772
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Table 41

The Best Legibility Prediction Model for the VFD with the

Age 18 to 30 Group

Press = 2.3 Cp = 6.7 p = 8 MSE = 0.017 R2 = 0.80

Parameter StandardizedVariable Coefficient (b) p Coefficient (Ä)

.........._........._...............;...._...............

Intercept -0.18200 0.5491 0

Symbol
Subtense (min) 0.01583 0.0055 0.39893

Viewing
Distance (m) -0.24832 0.0001 -1.08682

Illuminagce
(klx*10' ) 0.43217 0.0001 0.60442

Stroke Width-
to-Height Ratio
(percent) 0.12366 0.0001 0.43965

dE 0.02618 0.0001 2.48332

Modulation -3.51510 0.0001 -2.47795

ASWMTF
I

0.04638 0.0001 1.24706
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Table 42

The Best Legibility Prediction Model for the HTLCD with the

Age 50 to 70 Group

Press = 1.9 Cp = 8.0 p = 6 MSE = 0.015 R2 = 0.89

Parameter Standardized
Variable Coefficient (b) pCoefficientIntercept

0.56738 0.0001 0

Viewing
Distance (m) -0.18075 0.0001 -0.75201

Symbol
Luminance
(nits*10'2) 0.00313 0.0010 0.13325

dE 0.02644 0.0001 2.65104

Modulation -3.55594 0.0001 -2.26811

SWMTFA 0.02073 0.0219 0.24866
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Table 43

The Best Legibility Prediction Model for the LCD with the

Age 50 to 70 Group

Press = 1.2 Cp = 5.2 p = 6 MSE = 0.001 R2 = 0.94

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 1.23924 0.0001 0

Viewing
Distance (m) -0.24528 0.0001 -0.95605

Illuminagce
(klx*l0' ) 0.05609 0.0413 0.05822

dE 0.00898 0.0001 0.82960 _

Modulation -0.98872 0.0004 -0.61665

SWMTFA 0.03431 0.0001 0.40296
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Table 44

The Best Legibility Prediction Model for the RCP with the

Age 50 to 70 Group

Press = 1.8 Cp = 8.3 p = 8 MSE = 0.014 R2 = 0.93

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 1.29064 0.0001 0

Symbol
Subtense (min) -0.01359 0.0082 -0.22886

Viewing
Distance (m) -0.07772 0.0172 -0.21222

Illuminagce
(klx*l0' ) -0.15244 0.0046 -0.14250

Symbol
Luminance
(nits*10'2) -0.02950 0.0001 -0.34479

-Modulation 0.79154 0.0010 0.46097

ASWMTF -0.11486 0.0001 -2.31753

SWMTFA 0.13809 0.0001 2.14100

°
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Table 45
. The Best Legibility Prediction Model for the SIM with the

Age 50 - 70 Group

Press = 0.9 Cp = 3.5 p = 5 MSE = 0.007 R2 = 0.95

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 1.19504 0.0001 0

Illuminagce
(klx*10' ) -0.59656 0.0001 -0.68391

Symbol
Luminance
(nits*10'2) -0.01850 0.0001 -0.22302

ASWMTF -0.08195 0.0001 -1.97767
SWMTFA 0.10009 0.0001 1.81321
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Table 46

The Best Legibility Prediction Model for the TFLCD with the

Age 50 to 70 Group

Press = 0.7 Cp = 8.0 p = 9 MSE = 0.005 R2 = 0.94

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 0.29776 0.0712 0

Symbol
Subtense (min) 0.00928 0.0053 0.23222

Viewing
Distance (m) -0.19086 0.0001 -0.77415

Stroke Width-
to-Height Ratio
(percent) 0.03545 0.0001 0.34673

Symbol
Luminance
(nits*10'2) 0.01437 0.0002 0.10812

dE 0.01598 0.0001 1.10469

Modulation -2.24964 0.0001 -1.11698

ASWMTF -0.06065 0.0001 -1.06970

SWMTFA 0.11157 0.0001 1.39982
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Table 47

The Best Legibility Prediction Model for the LED with the

Age 50 to 70 Group

Press = 1.0 Cp = 2.2 p = 4 MSE = 0.008 R2 = 0.90

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 1.10723 0.0001 0

Viewing
Distance (m) -0.11693 0.0001 -0.50178

dE 0.00477 0.0001 0.18979

ASWMTF -0.01440 0.0001 -0.47650
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Table 48

The Best Legibility Prediction Model for the VFD with the

Age 50 to 70 Group

Press = 0.8 Cp = 6.8 p = 8 MSE = 0.007 R2 = 0.91

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 0.02817 0.8460 0

Viewing
Distance (m) -0.17685 0.0001 -0.85532

Illuminagce
(klx*10' ) 0.16091 0.0007 0.24869

Stroke Width-
to-Height Ratio
(percent) 0.05934 0.0001 0.23313

dE 0.02446 0.0001 2.56447

Modulation -3.00563 0.0001 -2.34138

ASWMTF -0.02812 0.0455 -0.83541

SWMTFA 0.06325 0.0002 1.40140
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negative effect on RS performance (i.e., reduced symbol subtense) and increases in modulation

and/or the dE quantity are associated with increases in RS performance, (7) as expected,

multicollinearity among pairs of the variables mentioned above is evident, typically resulting in a

sign reversal (from that expected) for one of the two quantities, and (8) note the differential effects

of increased illurnination and symbol luminance between emissive and nonemissive technologies;
I

an irnprovemnt in RS is evident with the nonemissive displays while a degradation in RS is gener-

ally evident with the emissive displays.
E

In comparison to the prediction reference base models initially derived (Table 33 and

Table 34), the combined PRESS values of the individual technology-based models indicates a

nearly 75% improvement in prediction for the age 18 to 30 group (15.7 versus 61.1) and a nearly
l

80% improvement in prediction for the age 50 to 70 group (8.3 versus 38.2). Multicollinearity tests

were performed along with attempts to combat the collinearities. Unfortunately, whenever the re-

moval of one of the variables from a collinear pair was attempted, a sizeable increase in both the

C, and PRESS statistics resulted. Increases in the C, and PRESS statistics indicated a reduction in

prediction accuracy and the introduction of bias into the rernaining parameter estimates. In all

cases, rather than lose the increased prediction accuracy, the presence of the collinearity was toler-

ated. As a result, several instances are evident in which collinear variables (and their corresponding

standardized beta coefficients) have signs opposite that expected (e.g., a negative sign associated

with symbol subtense when the ANOVA results clearly showed a positive effect on RS with in-

creases in symbol subtense). At the same time, each of these variables is providing a significant

contribution to the model as indicated by the signiiicant z-tests. What appears to be happening is

that the two variables are "pushing" and "pulling" the "fitted space" of the regression in such a

fashion as to maximize the prediction accuracy. Whereas this increases the prediction capability

of the model, it also results in the obvious reversal of the signs of the parameter estimates.

A11 effort was made to combine the individual regression models for each age group and derive

a generalized model. This was accomplished through deterxnination of the best combinations of

individual models (i.e., the combination of similar technologies and/or models). Further analyses,
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involving the calculation of all possible regressions among combinations of technologies, revealed

strong compatibilities between the HTLCD and the LCD, the RCP and the SIM, and the TFLCD

and the LED. In this way, the seven individual models per age group were reduced to four using

the above pairs of technologies and the best individual model for the VFD. In general, this re-

lationship among pairs of technologies was not surprising since (1) the ANOVA results pointed out

_

this pattern of associations among the displays, ar1d (2) both the RCP and SIM pair and the

HTLCD and LCD pair are extremely close representatives of similar technologies.

Combirzation Models

The best combined legibility prediction models for the age 18 to 30 group and the age 50 to 70

group are provided in Table 49 through Table 54, respectively. Once again, note the following:

(1) excellent CP values for nearly every model, (2) R1 values from 0.76 to 0.91 for the age 18 to 30

group ar1d from 0.88 to 0.90 for the age 50 to 70 group, and (3) in comparison to the individual

models, a relatively small increases in the PRESS statistics for each of the combination models.

When coupled with the best individual model for the VFD, the sumrned PRESS statistic for these

combined models is 19.6 for the age 18 to 30 group and 11.1 for the age 50 to 70 group. Compared

to the individual regression models, these values indicate a minor loss in prediction of 25% for the

age 18 to 30 group and 33% for the age 50 to 70 group. At the same time, these combined PRESS

values indicate a prediction improvement over the original reference models of 68% and 71% for

the age 18 to 30 group and age 50 to 70 group, respectively.

Generalized Prediction Models _

The final effort to develop a generalized flat-panel display model involved the use of a categorical

variable. An extremely important tool in regression analyses, categorical variables are used to dif-

ferentiate according to a qualitative variable in contrast to the traditional quantitative variables.

The inherent differences among the various f1at~panel technologies presented a unique opportunity '

to take advantage of this technique. It is through the use of a categorical variable that the differ-
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Table 49

The Best Combined Legibility Prediction Model for the HTLCD

and LCD with the Age 18 to 30 Group

Press = 6.4 Cp = 7.5 p = 8 MSE = 0.025 R2 = 0.89

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 2.98641 0.0001 0

Symbol
Subtense (min) -0.02474 0.0001 -0.37737

Viewing
Distance (m) -0.41787 0.0001 -1.32810

Illuminagce
(klx*10' ) 0.08731 0.0056 0.07390

Stroke Width-
to—Height Ratio
(percent) -0.01341 0.1532 -0.03579

dE 0.02371 0.0001 1.80319

Modulation -3.63216 0.0001 -1.81144

SWMTFA 0.07220 0.0001 0.67714
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Table 50

The Best Combined Legibility Prediction Model for the RCP

and SIM with the Age 18 to 30 Group

Press = 6.3 Cp = 7.9 p = 8 MSE = 0.024 R2 = 0.91

Parameter Standardized
Variable Coefficient (b) p Coefficient (é)

Intercept 1.74865 0.0001 O

Viewing
Distance (m) -0.12190 0.0001 -0.26384

Illuminagce
(k1x*10' ) -0.34600 0.0001 -0.26666

Symbol Width-
to-Height Ratio
(percent) 0.16790 0.0001 0.33977

Symbol
Luminance
(nits*10'2) -0.06804 0.0001 -0.60614

dE -0.00417 0.0023 -0.29470

ASWMTF -0.05131 0.0033 -0.84330

SWMTFA 0.09492 0.0001 1.18534
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Table 51

The Best Combined Legibility Prediction Model for the TFLCD

and LED with the Age 18 to 30 Group

Press = 4.6 Cp = 5.7 p = 7 MSE = 0.019 R2 = 0.76

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 2.58904 0.0001 0

Viewing
Distance (m) -0.15148 0.0001 -0.63682

Illuminagce
(klx*10' ) 0.09364 0.0005 0.13381

Stroke Width-
to-Height Ratio
(percent) 0.03109 0.0001 0.26225

Symbol
Luminance
(nits*10'2) -0.03205 0.0001 -0.45000

ASWMTF -0.09420 0.0001 -3.38828

SWMTFA 0.12554 0.0001 3.56178
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Table 52

The Best Combined Legibility Prediction Model for the HTLCD

and LCD with the Age 50 to 70 Group.

Press = 3.9 Cp = 2.6 p = 6 MSE = 0.016 R2 = 0.89

Parameter Standardized
Variable Coefficient (b) pCoefficientIntercept

0.92770 0.0001 0

Viewing
Distance (m) -0.21148 0.0001 -0.84335

Symbol
Luminance
(nits*10'2) 0.00167 0.0004 0.10876

dE 0.01602 0.0001 1.52800

Modulation -1.96310 0.0001 -1.22842

SWMTFA 0.02658 0.0001 0.31274
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Table 53

The Best Combined Legibility Prediction Model for the RCP

and SIM with the Age 50 to 70 Group

Press = 4.3 Cp = 6.0 p = 7 MSE = 0.017 R2 = 0.89

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 1.47600 0.0001 0

Illuminagce
(klx*10' ) -0.44543 0.0001 -0.45616

Symbol
Luminance
(nits*10'2) -0.04048 0.0001 -0.47921

dE -0.00794 0.0063 -0.74665

Modulation 1.09542 0.0140 0.69040

ASWMTF -0.10234 0.0001 -2.23476

SWMTFA 0.13022 0.0001 2.16083
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Table 54

The Best Combined Legibility Prediction Model for the TFLCD

and LED with the Age 50 to 70 Group

Press = 2.1 Cp = 10.0 p = 10 MSE = 0.008 R2 = 0.90

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 0.79523 0.0001 0

Symbol
Subtense (min) 0.00634 0.0406 0.15765

Viewing
Distance (m) -0.15240 0.0001 -0.61871

Illuminagce
(klx*l0' ) 0.07617 0.0003 0.10512

Stroke Width-
to-Height Ratio
(percent) 0.02743 0.0001 0.22342

Symbol
Luminance
(nits*10'2) -0.00574 0.0314 -0.07787

dE 0.00429 0.0001 0.54979

Modulation -0.16154 0.1273 -0.14007

ASWMTF -0.03364 0.0032 -1.16843

SWMTFA 0.04100 0.0047 1.12340
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ences in slopes and intercepts among the variables for the different combination models can be ac-

counted for in one generalized equation. Obviously, display technology served as the categorical

variable.

Using this technique, the parameter estimates of the combination models were closely examined
I

for sirnilarities and dilferences in magnitude and sign. In particular, similar parameter estimates

indicate similar slopes and larger or smaller estimates indicate a change in slope. The intercepts of

each of the models were also examined for evidence of required shifts in the regression. After several

attempts, the variables of the four models were coded according to the best scheme (e.g., Cl for the

TFLCD and LED model, C2 for the RCP and SIM model, and C3 for the VFD). Note that the

base or underlying display technologies for this coding scheme involved the HTLCD and LCD.

A series of regression analyses were perforrned and non-contributory variables were selectively re-

moved (based on 2-tests) until the best prediction model was identified. In general, the approach

involved seeking out and maintaining the lowest PRESS value while maintaining the value of the

coefficient of determination. If inflation of the PRESS statistic eventually occurred, the search

washalted.

The best generalized legibility prediction model for the seven flat-panel display technologies with

the age 18 to 30 group and the age 50 to 70 group are provided in Table 55 and Table 56, re-

spectively. These models provide legibility prediction for all seven display technologies under the

constraints of the sirnulated viewing conditions. The additional coded variables represent the dif-

ferent display charactexistics associated with the appropriate technologies that enter the equation

when applicable. In other words, these models permit the inclusion of distinct display variables

from any of the flat-panel candidates for the calculation and prediction of the associated legibility.

As an example, if a display candidate under consideration is a type of VFD (or is most similar

to a VFD), the legibility associated with the display can be calculated in the following manner using

the generalized model from the age 50 to 70 group: (1) use the original intercept, (2) use all of the '

parameter coefficients for the original, uncoded display regressor variables (i.e., five), (3) use all of
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Table 55

The Best Generalized Legibility Prediction Model for the

Seven Flat-Panel Display Technologies with the Age 18 to 30

Group .

Press = 32.7 MSE = 0.038 R2 = 0.83

Parameter Standardized
Variable Coefficient (b) p Coefficient (F)

Intercept 1.36821 0.0001 0

C1 1.20005 0.0001 0.90885

C2 1.23487 0.0001 0.93522

C3 -1.55339 0.0001 -1.17645

Symbol
Subtense (min) -0.01121 0.0004 -0.17160

Viewing
Distance (m) -0.24792' 0.0001 -0.70071

Illuminagce
(k1x*10' ) -0.04291 0.0572 -0.03644

Stroke Width-
to-Height Ratio
(percent) 0.06532 0.0001 0.45985

dE 0.00985 0.0001 0.80074

Modulation -0.41001 0.0071 -0.21844

SWMTFA 0.00742 0.0284 0.10804

C1:Viewing
Distance (m) 0.04981 0.0985 0.11520
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Table 55 (cont’d)

The Best Generalized Legibility Prediction Model for the

Seven Flat-Panel Display Technologies with the Age 18 to 30

Group
A

C1:Stroke Width-
to-Height Ratio
(percent) -0.05886 0.0001 -0.44302

C1:ASWMTF -0.09170 0.0056 -0.85260

C1:SWMTFA 0.09016 0.0290 0.59729

C2:Illum§nance
(k1x*10' ) -0.59424 0.0001 -0.26268

C2:Symbol
Luminance
(nits*10'2) -0.04250 0.0001 -0.18632

C2:dE -0.00639 0.0139 -0.56160

C2:ASWMTF 0.05187 0.0233 0.66307

C2:SWMTFA -0.06929 0.0744 -0.67354

C3:Symbo1
Subtense (min) 0.02679 0.0001 0.43400

C3:I11um£nance
(klx*10' ) 0.47976 0.0001 0.21207

C3:Stroke Width-
to-Height Ratio
(percent) 0.05905 0.0097 0.27810

C3:dE 0.01658 0.0014 1.41671

C3:Modulation -3.16904 0.0001 -1.43834

C3:ASWMTF 0.04149 0.0001 0.56992

C1 = TFLCD and LED C2 = RCP and SIM C3 = VFD
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Table 56

The Best Generalized Legibility Prediction Model for the

Seven Flat-Panel Display Technologies with the Age 50 to 70

Group _

Press = 13.36 MSE = 0.016 R2 = 0.89

Parameter Standardized
Variable Coefficient (b) p Coefficient (é)

Intercept 0.40266 0.0001 0

C1 -0.32017 0.0001 -0.30457

C2 0.40821 0.0001 0.38832

Viewing
Distance (m) -0.19609 0.0001 -0.69616

Stroke Width-
to-Height Ratio
(percent) 0.04309 0.0001 0.38104

dE 0.00931 0.0001 0.95040

Modulation -0.52871 0.0001 -0.35382

SWMTFA 0.01239 0.0001 0.22662

C1:Viewing
Distance (m) -0.07119 0.0001 -0.20974

C1:Stroke Width-
to-Height Ratio
(percent) 0.03140 0.0017 0.23604

C2:Il1um%nance
(klx*10' ) -0.62523 0.0001 -0.34715
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Table 56 (cont'd)

The Best Generalized Legibility Prediction Model for the

Seven Flat—Panel Display Technologies with the Age 50 to 70

GroupC2:dE

-0.00225 0.0381 -0.24801

C2:ASWMTF 0.04307 0.0005 0.69159

C2:SWMTFA -0.06931 0.0009 -0.84626

C3:dE 0.01269 0.0001 1.36183

C3:Modulation -2.18773 0.0001 -1.24723

C3:ASWMTF 0.00642 0.0105 0.11076

C1 = TFLCD and LED

C2 = RCP and SIM

C3 = VFD
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the C3-coded parameter coefiicients with the appropriate display regressor variables, (4) multiply

the appropriately indicated display measures by the proper parameter coefiicients, and (5) sum the

individual values. The resultant quantity is the predicted RS performance associated with the

candidate display under the particular viewing conditions specified. In the use of these generalized _
models, the coded display characteristics (or measurements) that do not apply to the candidate

under consideration simply drop out of the calculation.

For the above example, the equation becomes the following:

RS = 0.40266 — 0.l9609( VD) + 0.04309(SWHR) + 0.0093l(dE) — 0.5287l(M)
+ 0.0l239(SWMTFA) + 0.0l269(dE) — 2.l8773(M) + 0.00642(ASWMTF) (13) _

where RS is reading speed, VD is the viewing distance in m, SWHR is the stroke width-to-height

ratio in percent, dE is the calculated quantity using Lippert’s (1986) equation, M is the modulation,

SWMTFA is the stroke width MTFA quantity, and ASWMTF is the calculated area under the

stroke width MTF. If a display device similar to the plasma technologies was under consideration,

the same basic procedure would be employed except that the C2 quantity would be added to the

original intercept to provide the proper intercept adjustment.

An examination of the PRESS statistics for the generalized models revealed: (1) for the age 18 _

· to 30 group, a PRESS value more than twice that for the individual techno1ogy·based equations

(32.7 versus 15.7) indicating a loss in prediction accuracy, but a 47% improvement in accuracy

compared to the original all—technology model (32.7 versus 61.1), and (2) for the age 50 to 70 group,

about a 60% loss in accuracy compared to the individual models (13.4 versus 8.3), but about a 65%

improvement in prediction compared to the original all-technology model (13.4 versus 38.2). The

generalized models also indicate only a relatively small loss in prediction accuracy compared to the

four combination models used as underlying models.

In general, this first set of "comp1ex" legibility prediction models offers an inherent trade-off:

several levels of prediction accuracy versus several levels of display generalizabilty. In practice, se-
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lection of the model that is based on a technology or technologies most similar to the candidate

· display in question should yield the closest approximation of the legibility associated with the can-

didate under the same viewing conditions examined in this research. Although more difficult to

use, the generalized models suggest the potential for prediction over a wider range of possible can-
~

didates.

Following derivation, a comparison test of the prediction accuracy of each generalized model

with the other age group was perforrned. The age 50 to 70 generalized model regressed on the age

18 to 30 performance data resulted in a PRESS of 48.2 and an R2 = 0.74. Although this indicates

a 47% loss in prediction accuracy compared to the generalized model for this age group (48.2 versus

32.7), it still represents more than a 20% increase in accuracy over the referencenbase model (48.2
l

versus 61.1). On the other hand, the age 18 to 30 group generalized model regressed on the age 50

to 70 group data yielded a R2 = 0.89 and a PRESS of 13.5. This is effectively the identical accuracy

associated with the generalized model developed specifically for this age group (13.5 versus 13.36).

Clearly, the factors that lead to good legibility (and performance) represented in the model for the

age 18 to 30 group are consistent with and applicable to the age 50 to 70 group. An examination

of the two generalized models reveals that the model for the age 18 to 30 group has nine more

component variables than that for the age 50 to 70 group (26 versus 17). Obviously, the absence

of these additional variables in the age 50 to 70 model led to reduced prediction accuracy when .

applied to the age 18 to 30 group performance.

SIMPLIFIED MODELS

Essentially the identical approach and procedures used to derive the complex models were used

to generate the simplified legibility prediction models. These models were based on the seven dis-

play regressor variables (after exclusion of the two MTF-related measures). Individual

technology-based models were developed for each age group. However, as a result of the experience

gained during derivation of the complex models, a modification in the approach to the simplified

models was made. Focus was shifted to the models associated with the age $0 to 70 age group since
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special user considerations were reasonably applied to this segment of the population. As a result,

simplilied combined-technology models and an all-technology generalized model were derived only

for this age group. It was determined that comparison with the age 18 to 30 group RS performance

would be performed using the generalized prediction model derived for the age 50 to 70 group using

the simple display measures.

All of the regression models presented in this section were found statistically significant at the

p = 0.0001 level. As a comparative reference base, the best simplilied prediction model derived

from the age 50 to 70 group (n = 840) using all variables and all technologies had a PRESS of 39.5and an R2 = 0.66. ·
Individual Technology-Based Models

Once again, the data set for each age group was divided according to display technology and the

seven best, simplified, technology-based legibility prediction models for the age 18 to 30 group and —

age 50 to 70 group were derived. These models are provided in Table 57 through Table 70, re-

spectively.

Overall, the following points are considered important with respect to these individual models:

(1) ll of the 14 models have C.], values that indicate reduced bias, balanced model specification, and

good prediction potential compared to the individual full models, (2) the combined PRESS values

for all seven display technologies is 20.8 for the age 18 to 30 group and 9.6 for the age 50 to 70

group (these values retlect little loss in prediction accuracy in comparison to the complex models),

(3) values for R2 range from 0.71 to 0.93 for the age 18 to 30 group and from 0.88 to 0.94 for the

age 50 to 70 group, (4) once again, most models contain the viewing distance, dE, and modulation

variables (at this point, the absence of the MTF-related measures does not appear to impact the

prediction models appreciably), and (5) as expected, multicollinearity among pairs of the variables ‘

is evident and the presence of "competing" parameter estimates is clear. W
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Table 57

The Best Simplified Legibility Prediction Model for the

HTLCD with the Age 18 to 30 Group

Press = 3.6 Cp = 4.7 p = 6 MSE = 0.015 R2 = 0.89

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 1.81218 0.0001 0

Symbol
Subtense (min) -0.02325 0.0012 -0.33035

Viewing
Distance (m) -0.31346 0.0001 -0.92814

Symbol
Luminance
(nits*10'2) 0.00451 0.0006 0.13669

dE 0.04785 0.0001 3.41409

Modulation -6.25085 0.0001 -2.83749
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Table 58

The Best Simplified Legibility Prediction Model for the

LCD with the Age 18 to 30 Group

Press = 3.8 Cp = 3.1 p = 5 MSE = 0.030 R2 = 0.84

Parameter Standardized
Variable Coefficient (b) p Coefficient (é)

Intercept 2.97136 0.0001 0

Symbol
Subtense (min) -0.03615 0.0001 -0.60433

Viewing
Distance (m) -0.36113 0.0001 -1.25804

dE 0.02070 0.0001 1.71006

Modulation -2.10755 0.0001 -1.17477
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Table 59

The Best Simplified Legibility Prediction Model for the

RCP with the Age 18 to 30 Group

Press = 4.2 Cp = 3.8 p = 5 MSE = 0.033 R2 = 0.90

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 1.11518 0.0001 0

Viewing
Distance (m) -0.13964 0.0001 -0.29048

Stroke Width-
to-height Ratio
(percent) 0.14515 0.0002 0.17773

Symbol
Luminance
(nits*10'2) -0.05336 0.0001 -0.47516

Modulation 0.83289 0.0001 0.36955
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Table 60

The Best Simplified Legibility Prediction Model for the

SIM with the Age 18 to 30 Group

Press = 1.6 Cp = 4.0 p = 6 MSE = 0.012 R2 = 0.93

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 2.55834 0.0001 0

Symbol
Subtense (min) -0.00841 0.0705 -0.14865

Viewing
Distance (m) -0.14387 0.0001 -0.37390

Illuminagce
(k1x*10' ) -0.60907 0.0001 -0.59741

Stroke Width-
to-Height Ratio
(percent) 0.05887 0.0240 0.08334

Symbol
Luminance
(nits*10'2) -0.04995 0.0001 -0.51515
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Table 61

The Best Simplified Legibility Prediction Model for the

TFLCD with the Age 18 to 30 Group

Press = 2.6 Cp = 5.2 p = 5 MSE = 0.021 R2 = 0.79

Parameter Standardized
Variable Coefficient (b) p

CoefficientIntercept1.72184 0.0001 0

Viewing
Distance (m) -0.21766 0.0001 -0.81524

Stroke Width-
to-Height Ratio
(percent) 0.03200 0.0001 0.28900

dE 0.01964 0.0001 1.25383

Modulation -2.15252 0.0007 -0.98691
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Table 62

The Best Simplified Legibility Prediction Model for the

LED with the Age 18 to 30 Group

Press = 1.8 Cp = 5.6 p = 6 MSE = 0.014 R2 = 0.73

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 2.48327 0.0001 0

Symbol
Subtense (min) -0.01963 0.0001 -0.62338

Viewing
Distance (m) -0.26901 0.0001 -1.40397

Stroke Width-
to—Height Ratio
(percent) 0.04422 0.0003 0.10420

dE 0.00215 0.0691 0.10420

Modulation 0.26007 0.0768 0.11301
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Table 63

The Best Simplified Legibility Prediction Model for the

VFD with the Age 18 to 30 Group

Press = 3.2 Cp = 6.0 p = 6 MSE = 0.024 R2 = 0.71

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept -0.02344 0.9417 0

Viewing
Distance (m) -0.15330 0.0001 -0.67095

Illuminagce
(klx*10' ) 0.35935 0.0001 0.50256

Symbol
Luminance
(nits*10'2) 0.02485 0.0001 0.45278

dE 0.03283 0.0001 3.11384

Modulation -2.74566 0.0001 -1.93554
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Table 64

The Best Simplified Legibility Prediction Model for the

HTLCD with the Age 50 to 70 Group

Press = 1.9 Cp = 5.7 p = 5 MSE = 0.015 R2 = 0.88

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 0.44481 0.0001 0

Viewing
Distance (m) -0.15169 0.0001 -0.63112

Symbol
Luminance
(nits*10'2) 0.00314 0.0012 0.13372

dE 0.02687 0.0001 2.69366

Modulation -3.30207 0.0001 -2.10618

”
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Table 65

The Best Simplified Legibility Prediction Model for the

LCD with the Age 50 to 70 Group

Press = 1.5 Cp = 6.2 p = 4 MSE = 0.012 R2 = 0.91

Parameter Standardized
Variable Coefficient (b) p

CoefficientIntercept1.10997 0.0001 0

Viewing
Distance (m) -0.19532 0.0001 -0.76131

Illuminagce
(klx*10' ) 0.06765 0.0229 0.07023

dE 0.00590 0.0001 0.54488
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Table 66

The Best Simplified Legibility Prediction Model for the

RCP with the Age 50 to 70 Group

Press = 2.2 Cp = 4.8 p = 6 MSE = 0.017 R2 = 0.91

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept · 0.21552 0.1619 0

Viewing
Distance (m) -0.14758 0.0001 -0.40299

Illuminagce
(klx*10' ) -0.10233 0.0805 -0.09566

Stroke Width-
to-height Ratio
(percent) 0.12771 0.0001 0.20526

Symbol
Luminance
(nits*10'2) -0.00743 0.0629 -0.08687

Modulation 1.00405 0.0001 0.58474
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Table 67

The Best Simplified Legibility Prediction Model for the

SIM with the Age 50 to 70 Group

Press = 1.0 Cp = 7.0 p = 7 MSE = 0.008 R2 = 0.94

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 1.32831 0.0001 0

Symbol
Subtense (min) -0.00751 0.0390 -0.15522

Viewing
Distance (m) -0.17711 0.0001 -0.53800

Illuminagce
(klx*l0' ) -0.58967 0.0001 -0.67601

Stroke Width-
to-Height Ratio
(percent) 0.04494 0.0298 0.07437

Symbol
Luminance
(nits*10“2) -0.01717 0.0001 -0.20693

Modulation 0.17680 0.0107 0.12164
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Table 68

The Best Simplified Legibility Prediction Model for the

TFLCD with the Age 50 to 70 Group

Press = 1.0 Cp = 4.5 p = 6 MSE = 0.007 R2 = 0.91

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 0.51329 0.0003 0

Viewing
Distance (m) -0.21819 0.0001 -0.88497

Stroke Width-
to-Height Ratio
(percent) 0.02787 0.0001 0.27256

Symbol
Luminance
(nits*10'2) 0.01700 0.0001 0.12788

dE 0.01669 0.0001 1.15397

Modulation -1.70776 0.0001 -0.84793
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Table 69

The Best Simplified Legibility Prediction Model for the

LED with the Age 50 to 70 Group

Press = 1.0 Cp = 3.1 p = 5 MSE = 0.008 R2 = 0.90

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 0.82463 0.0001 0

Viewing
Distance (m) -0.20993 0.0001 -0.90084

Illuminagce
(klx*10' ) 0.08870 0.0045 0.12852

Stroke Width-
to-Height Ratio
(percent) 0.04595 0.0001 0.21760

dE 0.00356 0.0040 0.14180
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Table 70

The Best Simplified Legibility Prediction Model for the

VFD with the Age 50 to 70 Group

Press = 1.1 Cp = 6.8 p = 7 MSE = 0.008 R2 = 0.88

Parameter Standardized
Variable Coefficient (b) p

CoefficientIntercept0.39428 0.0947 0

Symbol
Subtense (min) -0.01200 0.0019 -0.33409

Viewing
Distance (m) -0.21023 0.0001 -1.01676

Illuminagce
(klx*10' ) 0.09761 0.0584 0.15086

Symbol
Luminance
(nits*10'2) 0.01301 0.0001 0.26200

dE 0.02589 0.0001 · 2.71415

Modulation -2.34409 0.0001 -1.82604
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Multicollinearity tests were perforrned i11 an effort to identify the linear dependencies. Unfor-

tunately, the same results encountered with the complex models held true with the simplified

models: whenever the removal of one of the variables from a collinear pair was attempted, a sizeable

increase ir1 the CP and PRESS statistics resulted. Again, rather than degrade prediction accuracy,

the presence of the collinearities were tolerated. The same "pushing" and "pu1ling" of the "fitted"

regression space is believed to be the underlying cause.

For the age 50 to 70 group, the individual regression models were combined according to similar

teclmology consistent to the approach with the complex models. Similarly, the seven individual

models were reduced to four representative models.

Combination Models

The best simplified legibility prediction models for combinations of technologies with the age

50 to 70 group are provided in Table 71 through Table 73, respectively. Once again, note the
”

following: (1) excellent CP values for nearly every model, (2) small PRESS statistics for each of the

models virtually identical to those for the complex equations, and (3) R' values from 0.88 to 0.91.

When coupled with the best individual model for the VFD, the surruned PRESS statistic for these

combined models is 12.1. This result is excellent in comparison to the summed values for the

complex models (9.5 for the seven individual models and 11.1 for the combination models.)

Overall, a loss in prediction capability of less than 10% is indicated between the complex and

simple combination models.

Gerzeralized Model

A modified approach was initially employed in the derivation of the generalized model for the

age 50 to 70 group. The generalized model developed using the complex variables was stripped of l
all of the MTF-re1ated measures. The resultant regression performed on the performance data using

this modified model yielded a PRESS statistic of 14.0 and a R2 = 0.88. Again, this is virtually

i
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Table 71

The Best Simplified Legibility Prediction Model for the

HTLCD and LCD with the Age 50 to 70 Group

Press = 4.1 Cp = 3.0 p = 5 MSE = 0.017 R2 = 0.88

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 0.77116 0.0001 0

Viewing
Distance (m) -0.17351 0.0001 -0.69190

Symbol
Luminance
(nits*10'2) 0.00164 0.0008 0.10711

dE 0.01627 0.0001 1.55242

Modulation -1.58750 0.0001 -0.99338
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Table 72

The Best Simplified Legibility Prediction Model for the

RCP and SIM with the Age 50 to 70 Group

Press = 4.8 Cp = 6.0 p = 7 MSE = 0.019 R2 = 0.88

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 1.73562 0.0001 0

Viewing
Distance (m) -0.13508 0.0001 -0.38848

Illuminagce
(klx*10' ) -0.44396 0.0001 -0.45466

Stroke Width-
to-Height Ratio
(percent) 0.01697 0.0639 0.04563

Symbol
Luminance
(nits*10'2) -0.04123 0.0001 -0.48812

dE -0.01461 0.0001 -1.37368

Modulation 2.30430 0.0001 1.45231
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Table 73

The Best Simplified Legibility Prediction Model for the

TFLCD and LED with the Age 50 to 70 Group

Press = 2.1 Cp = 5.9 p = 6 MSE = 0.008 R2 = 0.90

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 1.03061 0.0001 0

Viewing
Distance (m) -0.21408 0.0001 -0.86913

Illuminagce
(klx*l0' ) 0.05477 0.0049 0.07559

Stroke Width-
to-Height Ratio
(percent) 0.02976 0.0001 0.24239

dE 0.00430 0.0001 0.55104

~ Modulation -0.19223 0.0231 -0.16668
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identical to the prediction accuracy associated with the generalized model for this age group using

all display measures (i.e., a PRESS statistic of 13.36). Obviously, the absence of the MTF-related

variables does not damage legibility prediction. ’

As a verification procedure, a separate generalized model was sought using the same original
U

approach described for the complex models. No more accurate prediction model was found. The

best sirnplified legibility prediction model for the seven flat~panel display technologies with the age

50 to 70 group is provided in Table 74. Naturally, the same categorical variable coding technique

is represented (Cl = TFLCD and LED, C2 = RCP and SIM, and C3 = VFD) and the HTLCD

and LCD serve as underlying display technologies.
._

In effect, it appears that inclusion of the complex variables was contributing little to the pre-

diction accuracy associated with these equations. As a result, calculation of RS performance asso-

ciated with the simple models is easier to perform and but the required measurements are easier to

acquire. Naturally, the same inherent trade-off is associated with the simple prediction models as

with the complex: several levels of prediction accuracy versus several levels of display

generalizabilty. A comparison test was performed on the age 18 to 30 RS performance data using

the above simplified prediction model. The resulting regression revealed a PRESS of 52.2 and a

R2 = 0.72. This is quite similar, and reasonably so, to the results found with the complex gener-
i

alized model (these equations are actually quite similar). No generalized model was generated with

the age 18 to 30 data; consequently, a contrary comparison test was not performed on the age 50

to 70 group.

An effort was made to provide a scale by which to compare predicted RS performance (and

therefore, legibility) with overall group performance. This scale was found in a cumulative relative

frequency distribution of RS performance for each of the age groups. These distributions, marked

ir1 percentiles, are provided for the age 18 to 30 group and age 50 to 70 group in Figure 103 and

Figure 104, respectively. Once RS performance is calculated for a particular display candidate, use
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Table 74

The Best Simplified Legibility Prediction Model for the

Seven Flat-Panel Display Technologies with the Age 50 to 70

Group _

Press = 14.0 MSE = 0.017 R2 = 0.88

Parameter Standardized
Variable Coefficient (b) pCoefficientIntercept

0.36404 0.0001 0

C1 -0.11557 0.0012 -0.10994

C2 0.51219 0.0001 0.48724

Viewing
Distance (m) -0.16784 0.0001 -0.59587

Stroke Width-
to-Height Ratio
(percent) 0.03643 0.0001 0.32211

dE 0.00961 0.0001 0.98137

Modulation -0.35356 0.0001 -0.23660

C1:Viewing
Distance (m) -0.04208 0.0001 -0.12398

C2:Illum%nance
(k1x*10' ) -0.59121 0.0001 -0.32827

C2:dE -0.00448 0.0001 -0.49478
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Table 74 (cont'd)

The Best Simplified Legibility Prediction Model for the

Seven Flat-Panel Display Technologies with the Age 50 to 70

Group
.

C3:dE 0.01206 0.0001 1.29442

C3:Modulation -1.85846 0.0001 -1.05951

C1 = TFLCD and LED

C2 = RCP and SIM

C3 = VFD

zu
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of these two scales provides information as to how the predicted score compares to either of the

populational samples.

A final point should be made regarding which of the age-related generalized legibility metrics is

recommended. Typically, when designing any system for public use, the needs of the population
Ü

must be addressed. This is especially true when a substantial portion of the population may require

special design considerations. It is often the case that segrnents of the population requiring special

design attributes are the users that should drive the ultimate design. It is apparent in the present

research that attention must be drawn to the considerations regarding age and vision and the asso-

ciated legibility requirements. Therefore, it is recommended that the technology-based equations

and the generalized legibility prediction model for the age 50 to 70 group represent the most rea-

sonable design guideline.

LEGIBILITY RA TING PREDICTION MODELS

The third and final set of regression models addressed the prediction of subjective legibility

ratings of the flat-panel display technologies under the conditions examined in·the experiment. The

procedures employed in the derivation of these equations were identical to those applied to the RS

performance prediction models. As described in the introductory section, these models were in-

tended to reflect the display attributes subjectively judged to be associated with good legibility.

Initial Correlations

Prior to performing any regression analyses, Pearson product-moment correlations were calcu-

lated among the display characterization regressor variables and the legibility ratings for the two age

groups. The results of these calculations are provided in Table 75. '

As expected, strong positive correlations were found: (1) between the dE and modulation

measures, (2) between the two MTF-related measures (i.e., ASWMTF and SWMTFA), and (3)

among all four of these image quality variables. These indications supported the suspicion that
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Table 75

Pearson Product-Moment Correlations Among the Display
l

Characterization Regressor Variables and the Legibility

Ratings for the Age 18 to 30 Group (RATE1) and the Age 50 _

to 70 Group (RATE2)

ILL SWHR LUM dE M ASWMTF SWMTFA

RATE1 -0.17 0.13 0.12 0.80 0.78 0.65 0.64

RATE2 -0.22 0.19 0.12 0.68 0.66 0.51 0.51

ILL -0.07 0.31 -0.14 -0.23 -0.24 -0.26

SWHR 0.16 -0.19 -0.16 -0.43 -0.42

LUM 0.15 0.19 0.07 0.05

dE 0.97 0.91 0.91

M 0.93 0.93

ASWMTF 0.99

ILL = Illuminance (klx*10'2)

SWHR = Stroke Width-to-Height (percent)

LUM = Symbol Luminance (nits*10'2)

ASWMTF = Area Under the Stroke Width MTF

SWMTFA = Stroke Width MTFA

298



multicollinearity exists between pairs of these variables and among all four quantities in a manner

similar to that for the RS performance data. In general, the correlations are essentially the same

as those found with the RS data. Note, however, the strong associations among ratings and dE,

modulation, and the MTF-related measures for both age groups. These correlations are also

slightly higher for the age 18 to 30 group than for the age 50 to 70 group.
_

Individual Technology-Based Models

A11 of the regression models presented in this section were found statistically signilicant at the

p = 0.0001 level. ln order to create legibility rating regression models which provided a compar-

ative prediction reference base, an all-possible·regressions procedure was perforrned on the entire
n

data set for each group with all display variables (i.e., seven) and all seven display technologies.

The best legibility prediction model for the combination of all seven flat-panel display technologies

with the age 18 to 30 group (n = 168) had a PRESS value of 64.9 and a R2 = 0.78. The best

model for the age 50 to 70 group (n = 168) had a PRESS of 120.0 and a R1
= 0.55. Again, these

PRESS statistics are used in comparison to the prediction accuracy associated with the following

individual, combination, and generalized display technology regression models.

The data set for each age group was divided according to display technology and an all- A
possible-regressions procedure was performed on each of the resultant data sets (14 data sets, n =

24). The seven best technology-based legibility prediction models for the age 18 to 30 group and

age 50 to 70 group are presented in Table 76 through Table 89, respectively.

Selection of these models was primarily based on the Q and PRESS statistics. ln general, the

following points are important: (1) nine of the 14 models have C], values that indicate reduced bias,

balanced model speciiication, and good prediction potential compared to the individual full models,

(2) in general, small comparative PRESS values exist for each model, (3) values for R2 range from

0.80 to 0.93 for the age 18 to 30 group and from 0.89 to 0.95 for the age 50 to 70 group, (4) the

combined PRESS values for all seven display technologies is 16.5 for the age 18 to 30 group and
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Table 76

The Best Legibility Rating Prediction Model for the HTLCD

with the Age 18 to 30 Group

Press = 3.7 Cp = 7.1 p = 4 MSE = 0.123 R2 = 0.92

Parameter Standardized
Variable Coefficient (b) p Coefficient 93)

Intercept 2.27770 0.0001 0

Illuminagce
(klx*10' ) 0.58550 0.0095 0.20349

dE 0.10797 0.0001 3.39560
SWMTFA -0.96043 0.0005 -2.59317
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Table 77

The Best Legibility Rating Prediction Model for the LCD

with the Age 18 to 30 Group

Press = 4.2 Cp = -0.8 p = 3 MSE = 0.156 R2 = 0.91

Parameter Standardized
Variable Coefficient (b) p Coefficient (P)

Intercept 2.18136 0.0001 0

dE 0.09544 0.0001 2.74780

Modulation -9.59186 0.0003 -1.86367
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Table 78

The Best Legibility Rating Prediction Model for the RCP

with the Age 18 to 30 Group

Press = 2.1 Cp = 6.7 p = 6 MSE = 0.050 R2 = 0.99

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 9.35842 0.0001 0

Illuminagce
(klx*10' ) -0.79901 0.0070 -0.19208

Symbol
Luminance
(nits*10'2) -0.31630 0.0001 -0.95076

dE -0.04577 0.0058 -1.03990

ASWMTF -0.41119 0.0001 -1.60200

SWMTFA 0.81171 0.0001 2.73818

‘
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Table 79

The Best Legibility Rating Prediction Model for the SIM

with the Age 18 to 30 Group

Press = 1.9 Cp = 5.2 p = 6 MSE = 0.059 R2 = 0.97

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 11.03513 0.0001 0

Illuminagce
(k1x*10' ) -0.85331 0.0012 -0.27860

Stroke Width-
to-Height Ratio
(percent) -0.49086 0.0378 -0.23131

Symbol
Luminance
(nits*10'2) -0.13036 0.0001 -0.44753

ASWMTF -1.69162 0.0083 -7.87065

SWMTEA 1.97985 0.0056 8.16722
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Table 80 .

The Best Legibility Rating Prediction Model for the TFLCD

with the Age 18 to 30 Group

Press = 3.0 Cp = 4.1 p = 6 MSE = 0.099 R2 = 0.85

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 0.02883 0.9798 0

Illuminagce
(klx*10' ) 0.94933 0.0511 0.52099

Stroke Width-
to-Height Ratio
(percent) 0.14706 0.0034 0.56839

Symbol
Luminance
(nits*10'2) -0.22558 0.0151 -0.67056

dE 0.10770 0.0004 2.94258

Modulation -11.95216 0.0023 -2.34550

M4
”



Table 81

The Best Legibility Rating Prediction Model for the LED

with the Age 18 to 30 Group

Press = 0.5 Cp = 2.6 p = 5 MSE = 0.015 R2 = 0.82

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 3.46106 0.0001 0

Illuminagce
(klx*10' ) 0.61063 0.0004 0.90841

dE 0.00837 0.0543 0.34227

Modulation 3.81151 0.0001 1.39815

ASWMTF -0.05022 0.0010 -0.83060



Table 82

The Best Legibility Rating Prediction Model for the VFD

with the Age 18 to 30 Group

Press = 1.1 Cp = 2.4 p = 5 MSE = 0.028 R2 = 0.97

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 1.22739 0.0480 0

Illuminagce
(klx*10' ) 1.19135 0.0001 0.53723

Stroke Width-
to-Height Ratio
(percent) 0.31561 0.0012 0.36180

Symbol
Luminance
(nits*10'2) -0.07635 0.0078 -0.44847

dE 0.03524 0.0001 1.07800
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Table 83

The Best Legibility Rating Prediction Model for the HTLCD

with the Age 50 to 70 Group

Press = 2.7 Cp = 6.5 p = 6 MSE = 0.087 R2 = 0.96

Parameter StandardizedVariable Coefficient (b) p Coefficient (Ä)

Intercept 1.00130 0.0403 0

Illuminagce
(klx*10' ) 0.48668 0.0149 0.14433

dE 0.12804 0.0001 3.43593

Modulation -10.61926 0.0405 -1.81285

ASWMTF 0.58260 0.0405 1.78346

SWMTFA -1.10413 0.0004 -2.54373
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Table 84

The Best Legibility Rating Prediction Model for the LCD

with the Age 50 to 70 Group

Press = 2.4 Cp = 0.7 p = 4 MSE = 0.083 R2 = 0.95

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 1.05242 0.0102 0

dE 0.11627 0.0001 3.41707

Modulation -6.17905 0.0649 -1.22555

SWMTFA -0.48523 0.0838 -1.31120
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Table 85

The Best Legibility Rating Prediction Model for the RCP

with the Age 50 to 70 Group

Press = 3.5 Cp = 6.8 p = 4 MSE = 0.110 R2 = 0.97

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept -0.66766 0.3888 0

Stroke Width-
to-Height Ratio
(percent) 0.83775 0.0001 0.31889

Symbol
Luminance
(nits*10'2) -0.04602 0.0505 -0.12739

SWMTFA 0.21943 0.0001 0.68170

‘
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Table 86

The Best Legibility Rating Prediction Model for the SIM

with the Age 50 to 70 Group

Press = 3.9 Cp = 5.6 p = 3 MSE = 0.114 R2 = 0.96

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 7.07146 0.0001 0

Illuminagce
(klx*10' ) -3.16120 0.0001 -0.81096

Symbol
Luminance
(nits*10'2) -0.10134 0.0001 -0.27335
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Table 87

The Best Legibility Rating Prediction Model for the TFLCD

with the Age 50 to 70 Group

Press = 2.5 Cp = 3.2 p = 5 MSE = 0.085 R2 = 0.79

Parameter StandardizedVariable Coefficient (b) p

CoefficientIntercept-0.72033 0.6154 0

Stroke Width-
to-Height Ratio
(percent) 0.31637 0.0045 1.54950

dE 0.06838 0.0032 2.36751

Modulation -12.88348 0.0075 -3.20370

ASWMTF 0.31928 0.0718 1.87343
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Table 88

The Best Legibility Rating Prediction Model for the LED

with the Age 50 to 70 Group

Press = 1.8 Cp = 5.8 p = 6 MSE = 0.059 R2 = 0.85

Parameter StandardizedVariable Coefficient (b) p Coefficient (ß)

Intercept 15.38102 0.0063 O

Stroke Width-
to-Height Ratio
(percent) -1.13740 0.0395 -2.64460

Symbol
Luminance
(nits*10'2) -0.12595 0.1541 -0.34991

dE 0.02108 0.0101 0.41221
Modulation 13.40292 0.0118 2.35116

SWMTFA -0.80695 0.0051 -5.30457
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Table 89

The Best Legibility Rating Prediction Model for the VFD

with the Age 50 to 70 Group

Press = 2.0 Cp = 0.6 p = 3 MSE = 0.072 R2 = 0.94

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 1.82186 0.0004 0

dE 0.05891 0.0001 1.59202

SWMTFA -0.14627 0.0254 -0.64868
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18.8 for the age 50 to 70 group, (5) most models contain the dE, modulation, and at least one of

the MTF-related measures, (6) in general, increases in modulation and/or the dE quantity are as-

sociated with increases in rated legibility, (7) as expected, multicollinearity among pairs of the var-

iables mentioned above is evident, typically resulting in a sign reversal (from that expected) for one

of the two quantities, a.nd (8) again, note the differential effects of increased illumination and sym-
i

bol luminance between emissive and nonemissive technologies; higher ratings are indicated with the

nonernissive displays while lower ratings are suggested for the emissive displays.

In comparison to the prediction reference base models initially derived, the combined PRESS

values of the individual technology-based models indicates a nearly 75% improvement in prediction

for the age 18 to 30 group and a nearly 85% improvement in prediction for the age 50 to 70 group.
A

Multicollinearity tests were performed along with attempts to combat the collinearities. Unfortu-

nately, as encountered with the RS performance data, whenever the removal of one of the variables

from a collinear pair was attempted, a sizeable increase in the C], and PRESS resulted. Rather than

lose the increased prediction accuracy, the presence of the collinearity was tolerated. As a result,

several instances are evident in which collinear variables have opposite signs. At the same time,

each of these variables is providing a significant contribution to the model as indicated by the sig-

nificant 1-tests. Witnessed with the RS regressions, the same type of adjustment in the fitted re-

gression plane appears to be present as the variables "push and pull" at each other.

An effort was made to combine the individual regression models for each age group and derive

a generalized legibility rating prediction model for all seven display technologies. T11is was accom-

plished in a manner similar to that described for the RS prediction models.

Combination Models

The best combined legibility rating prediction models for the age 18 to 30 group and the age

50 to 70 group are provided in Table 90 through Table 95, respectively. When coupled with the

best individual model for the VFD, the summed PRESS statistic for these combined ratings models
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Table 90

The Best Combined Legibility Rating Prediction Model for

the HTLCD and LCD with the Age 18 to 30 Group

Press = 4.7 Cp = 4.7 p = 6 MSE = 0.150 R2 = 0.91

Parameter Standardized
Variable Coefficient (b) p Coefficient (E)

Intercept 2.34156 0.0001 0

Illuminagce
(k1x*10' ) 0.45177 0.0136 0.15124

dE 0.09612 0.0001 2.89072

Modulation -10.98864 0.0066 -2.16756

ASWMTF 0.49614 0.0732 1.76421

SWMTFA -0.62470 0.0448 -1.67044
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Table 91

The Best Combined Legibility Rating Prediction Model for
l

the RCP and SIM with the Age 18 to 30 Group

Press = 5.3 Cp = 3.8 p = 5 MSE = 0.079 R2 = 0.97

Parameter Standardized
Variable Coefficient (b) p

CoefficientIntercept7.23532 0.0001 0

Illuminagce
(klx*10' ) -0.60783 0.0014 -0.16630

Stroke Width-
to-Height Ratio
(percent) 0.30813 0.0001 0.22136

Symbol
Luminance
(nits*10'2) -0.27092 0.0001 -0.85680

dE -0.06205 0.0001 -1.55855

SWMTFA 0.46528 0.0001 1.69983
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Table 92

The Best Combined Legibility Rating Prediction Model for

the TFLCD and LED with the Age 18 to 30 Group

Press = 7.0 Cp = 3.2 p = 5 MSE = 0.106 R2 = 0.79

Parameter StandardizedVariable Coefficient (b) p Coefficient (ß)

Intercept 4.35323 0.0001 0

Symbol
Luminance
(nits*10'2) -0.09668 0.0001 -0.55013

dE 0.02238 0.0001 1.20438

Modulation 1.79720 0.0340 0.65397
ASWMTF -0.06432 0.0055 -0.68386

°
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Table 93

The Best Combined Legibility Rating Prediction Model for

the HTLCD and LCD with the Age 50 to 70 Group

Press = 5.0 Cp = 5.0 p = 6 MSE = 0.094 R2 = 0.95

Parameter Standardized
Variable Coefficient (b) p Coefficient (F)

Intercept 0.99812 0.0009 0

Illuminagce
(klx*10' ) 0.33856 0.0194 0.10541

dE 0.12228 0.0001 3.42022

Modulation -9.53783 0.0032 -1.74975

ASWMTF 0.51918 0.0198 1.71695

SWMTFA -1.02075 0.0001 -2.53851
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Table 94

The Best Combined Legibility Rating Prediction Model for

the RCP and SIM with the Age 50 to 70 Group

Press = 11.9 Cp = 9.8 p = 7 MSE = 0.177 R2 = 0.95

Parameter Standardized
Variable Coefficient (b) p Coefficient (ß)

Intercept 7.76082 0.0001 0

Illuminagce
(klx*10' ) -1.86077 0.0001 -0.44069

Stroke Width-
to-Height Ratio
(percent) 0.31841 0.0033 0.19801

Symbol
Luminance
(nits*l0'2) -0.24276 0.0001 -0.66457

dE -0.06624 0.0001 -1.44010

ASWMTF -0.26550 0.0759 -0.96186

SWMTFA 0.77620 0.0002 2.45468
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Table 95

The Best Combined Legibility Rating Prediction Model for

the TFLCD and LED with the Age 50 to 70 Group

Press = 5.3 Cp = 3.8 p = 6 MSE = 0.096 R2 = 0.74

Parameter Standardized
Variable Coefficient (b) p Coefficient (F)

Intercept 3.31092 0.0001 0

Illuminagce
(klx*10' ) 0.49900 0.0016 0.34896

Stroke Width-
to-Height Ratio
(percent) 0.13232 0.0002 0.54614

Symbol
Luminance
(nits*l0'2) -0.10817 0.0001 -0.74320

dE 0.02342 0.0001 1.52204

SWMTFA -0.06497 0.0093 -0.71765
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is 18.1 for the age 18 to 30 group and 24.2 for the age 50 to 70 group. Compared to the individual

regression models, these values indicate only a minor loss in prediction of both age groups. At the

sarne time, these combined PRESS values indicate a substantial prediction improvement over the

original reference models for each group. _

Generalized Prediction Models
l

The final effort to develop a generalized legibility rating model for flat-panel displays involved

the use of categorical variable coding. Use of the categorical variable approach is consistent withl
that discussed above. Note that the variables of the separate models are coded using the same as-

signment scheme for RS performance (e.g., Cl for the TFLCD and LED model, C2 for the RCP
1

and SIM model, and C3 for the VFD). A series of regression analyses was performed and non-

contributory variables were selectively removed based on t-tests until the best predictive model was

identified. Once again, the approached involved maintaining the value of the coefficient of deter-

mination while exarnining the PRESS statistic for any reduction in value.

The best generalized legibility rating prediction model for the seven flat-panel display technol-

ogies with the age 18 to 30 group and the age S0 to 70 group are provided in Table 96 and

Table 97, respectively. Note that the underlying display technologies for both generalized models

involve the HTLCD and LCD. In addition, these models may be used to predict legibility ratings

in exactly the same fashion as that explained for the RS performance.

An examination of the PRESS statistics for the generalized models revealed: (1) for the age 18

to 30 group, a PRESS value more than twice that for the individual technology-based equations

(34.8 versus 16.5), but a 46% improvement in accuracy compared to the original all-technology

model (34.8 versus 64.9), and (2) for the age 50 to 70 group, about a 77% loss in accuracy com-

pared to the individual models (33.2 versus 18.8), but about a 73% improvement in prediction

compared to the original all-teclmology model (33.2 versus 120.0).
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Table 96

The Best Generalized Legibility Rating Prediction Model for

the Seven Flat-Panel Display Technologies with the Age 18 to

30 Group -

Press = 34.8 MSE = 0.018 R2 = 0.88

Parameter Standardized
Variable Coefficient (b) p Coefficient (F)

Intercept 2.36373 0.0001 0

C2 5.73095 0.0024 1.70473

C3 -2.36540 0.0214 -0.70362

dE 0.08329 0.0001 2.65954

Modulation -4.34074 0.0001 -0.90833

ASWMTF -0.54252 0.0001 -3.00813

SWMTFA 0.47740 0.0001 2.24385

C1:dE -0.05706 0.0001 -2.81549

C1:Modu1ation 6.39966 0.0004 1.70818

Cl:ASWMTF 0.10320 0.0098 0.69916

C2:Illum%nance
(k1x*10 ) -0.63756 0.0980 -0.11069

C2:Symbol
Luminance
(nits*10'2) -0.18175 0.0055 -0.31300

C2:dE -0.11397 0.0014 -3.93504
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Table 96 (cont'd)

The Best Generalized Legibility Rating Prediction Model

for the Seven Flat-Panel Display Technologies with the

Age 18 to 30 Group .

C2:SWMTFA 0.63087 0.0043 2.19424

C3:Illum§nance
(klx*10' ) 1.18830 0.0217 0.20631

C3:dE 0.01949 0.0119 0.65390

C1 = TFLCD and LED

C2 = RCP and SIM

C3 = VFD

R3



Table 97

The Best Generalized Legibility Rating Prediction Model for

the Seven Flat-Panel Display Technologies with the Age 50 to

70 Group .

Press = 33.2 MSE = 0.018 R2 = 0.90

Parameter Standardized
Variable Coefficient (b) p Coefficient (Ä)

Intercept 1.62402 0.0001 0

C1 3.92060 0.1144 1.05938

C2 2.84710 0.0001 0.76931

Illuminagce
(klx*l0 ) -0.16767 0.1172 -0.05081

dE 0.09521 0.0001 2.76161

Modulation -4.72707 0.0001 -0.89854

ASWMTF -0.73845 0.0001 -3.71942

SWMTFA 0.65869 0.0001 2.81226

C1:Illum%nance
(klx*l0 ) 0.98671 0.0468 0.15562

C1:Symbol
Luminance
(nits*1O'2) -0.21900 0.0058 -0.53636

C1:dE -0.07658 0.0001 -3.43209

C1:Modulation 9.02615 0.0001 2.18850
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Table 97 (cont'd)

The Best Generalized Legibility Rating Prediction Model for

the Seven Flat-Panel Display Technologies with the Age 50 to

70 Group .

C2:I1luminance
(klx*l0' ) -2.91583 0.0001 -0.45987

C2:dE -0.02695 0.0001 -0.84533
C3:dE 0.00597 0.0001 0.18211

C1 = TFLCD and LED

C2 = RCP and SIM

C3 = VFD

us



Inspection of the variables that compose these two generalized legibility rating prediction models

indicates the important role of both modulation and color contrast (i.e., dE). A further interesting

point is the fact that these components enter into the equation as the (colored) emissive display

technologies are considered in comparison to the underlying LCD-type technologies. When a test
-

comparison was performed using each model regressed against the ratings of the other age group,

very similar frndings resulted. The test on the age 18 to 30 group resulted in a PRESS of 37.4 and

an R1 = 0.87, revealing very little loss in prediction over the model originally generated from that

group. The test on the age 50 to 70 group resulted in a PRESS of 36.2 and an Rz = 0.90, again

virtually identica.1 to the prediction capability associated with the generalized model developed for

this age group. Clearly, the subjective attributes of the displays and image quality judged necessary

for good legibility are consistent across age groups. Concentration on maximizing these attributes

into the design aspects of a display device should lead to improved perceived legibility across the

population of potential users. At the same time, an estimate of the expected legibility rating could

be calculated through the use of the appropriate model and provision of the required quantities.
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SUMMARY
l

Tl1is research effort culminated in the development of multiple sets of legibility prediction

models for flat-panel displays viewed under typical indoor/office and sirnulated daylight illumi-

nation. The methodology employed involved the direct comparison of human performance data
I

and quantitative measures of flat-panel display attributes collected under sirnulated real·world

viewing conditions. Extensive regression analyses resulted in the successful derivation of a series

of prediction models which indicate excellent accuracy and involve relatively easily acquired display

characterization measures. The final group of "simplified" models offers an inherent trade-off: se-

verals levels of prediction accuracy versus several levels of display technology generalizability. In —

general, the models serve to point out which display attributes are important relative to the {auge
I

of viewing conditions examined.

The primary requirement associated with the use of these legibility prediction models is the

accumulation of the needed display characterization measures. For the simplified models, essen-

tially all of the required display characterization measures can be collected in the field or under

sirnulated conditions using several of the various portable and hand-held measurement devices

currently available. In general, the equipment and procedural demands involve an illuminance

meter, a spot photometer and/or spot chrominance meter, a ruler (or measuring device), a calcula-

tor, and knowledge of the necessary equations. In the absence of specific measurements (e.g., stroke

width), careful estimation through the comparison of the candidate devices, relevant viewing con-

ditions, and measurements provided in this report, may prove sufficient for certain applications.

Overall, the regression models offer a method whereby a display designer or system engineer can

evaluate candidate display designs and technologies for a particular application based on predicted

legibility simply by supplying the required quantities. The generalized flat·panel legibility prediction

model offers the potential for application to other display technologies and viewing scenarios be-

yond those examined in this research. Clearly, the approach and methodology employed in this

research was successful and strongly suggests the capability of extending the legibility prediction
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capability of these models. Furthermore, similar methods are recommended for use in other ap-

plication areas of related research where performance prediction is relevant and desirable.

With respect to the information gained from the ANOVA results, the following general con-

clusions regarding legibility are indicated: (1) the age of the observer is an important consideration
A

and certain display applications (e.g., for public use) should be designed accordingly, (2) symbol

subtense is a critical display legibility parameter and results support a recommendation for a sub-

tense of 25 minutes of visual arc for simple numeric information demands involving horizontal

off-axis viewing up to 45 deg, (3) luminance modulation is also a critical legibility parameter and

display legibility is strongly intluenced by the ability of the technology to handle reflected glare and

conditions ofvarying intensities of illuminance, (4) in general, RS performance with high—luminance '

(e.g., 1000 nits) ernissive displays can be maintained up to arnbient illuminance-intensities of 100

klx, (5) results support the simple recommendation for mitigating a reflected glare situation: if

possible, alter the a.ngular relationship among the observer, display, and glare source, and (6) ob-

servers are both sensitive to and quite capable at distinguishing display and image quality aspects

that contribute to good legibility.

FUTURE RESEARCH

The results of this dissertation suggest several areas of future research related to this effort. The

need for an extention of the range of simulated illumination angles and scenes is suggested. In doing

so, the strengths and weaknesses of individual display technologies may be determined. It is entirely

possible that certain displays that fared well under the present viewing conditions may encounter

legbility problems under somewhat different situations. The examination of additional types of

display technologies and filter combinations under similar simulation arrangements is also sug-

gested. ln general, a compatible match between the filter (or protective first-surface material) and

the display device should be sought which maximizes symbol luminance, image quality, and

Lippert’s (1986) dE value. Further, an examination of the role of display surround conditions is

clearly in order. It is likely that dilferences in luminances within the field of view of the observer-
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with rcspcct to thc display aifccts lcgibility under both indoor and outdoor vicwing conditions. For

an outdoor/daylight application, simulation of thc background sccnc including thc prcscncc of thc

solar disk and/or intcnsc spccular rcflcctions is rclcvant.
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This section describes the measurement systems and techniques employed in this research effort.

Although most of the equipment associated with these measurement systems is commercially

available, some of the software and unique components were specifically custom-built by the per-

sonnel in the Displays and Controls Laboratory (DCL) of the Human Factors Engineering Center _

(HFEC).
1

The measurement techniques developed to perform the necessary simulation calibration and

display characterization measurements involved both a microphotometric measurement system and

a microradiometxic measurement system. The photometric system was used to make

spatial/luminance measurements to provide information regarding the display/symbol and general

image quality charactexistics associated with the display devices under the multiple viewing condi-

tions examined. The radiometric system was used to measure the spectral radiant power distrib-

ution and determine the CIE 1931 (x,y) chromaticity coordinates (i.e., color) of (1) the simulated

phases of daylight and indoor/office illumination, and (2) the different symbol elements and back-

gounds of each display technology under the various illumination intensities and chromaticities.

A Minolta CS-100 Chroma Meter was also employed in the collection of CIE 1931 (x,y)

chromaticity coordinates.

In addition to the description of the above measurement systems, summary tables of the re-

maining display characterization measurement are included. Plots of these measurements are

available upon request from the author at the cost of duplication. These illustrations include the

following: (1) relevant photometric scans of the symbol elements of each of the seven display de-

vices under the 24 combinations of illumination intensity/horizontal viewing angle/vertical viewing

angle (i.e., 168 measurements in total), and (2) radiometric measurements performed to determine

the CIE 1931 (x,y) and (u’,v’) chromaticity coordinates of the symbol elements a.nd background

under the 0 deg horizontal and 0 deg vertical viewing angles at each illumination intensity (i.e., 56

measurements).
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PHOTOMETRIC MEASUREMENT SYSTEM
n

The photometric system used to make the spatial and luminance measurementslis a product

of EG&G Gamma Scientific, Incorporated. The system consisted of a GS·4l00 Intelligent

Radiometer and a GS-2110 (Model D-46A) scanning telemicroscope driven by a modified IBM

XT Personal Computer (PC/XT). The telemicroscope was equipped with a D·46A

photomultiplier tube (PMT), a D·46A photopic correction filter, and a GS-2110-52 1.0X objective

lens. A scanning aperture of 0.010 x 3.0 mm was used in the performance of these measurements.

A simple block diagram of the photometric measurement system is illustrated in Figure 105.

Scanning Procedure

The photometric system was calibrated for luminance measurement with a Hoffman Engineering

Radiance Standard (Model RS-65) and for the proper step size with the appropriate Ronchi grid.

A step size essentially equivalent to the size of the selected aperture was used to provide the most

efficient scan with the least amount of overlap (i.e., when scanning a target). In scanning a target

or area of interest on one of the candidate display devices, the scanning aperture was properly

aligned with the target or area and then moved slowly (i.e., mechanically within the body of the

telemicroscope), in approximately 0.010 mm incremental steps, across the target or area. Changes
A

in the level of luminance were measured by the Gs-4100 Intelligent Radiometer and recorded as

digital values by the IBM PC/XT. The targets selected for these measurements were the individual

symbol segments of the seven segment numerals for each of the seven display technologies.

Anaßisir
l

- In the photometric measurements for display characterization, the data files containing the digital

values for luminance collected from the scans were properly scaled prior to transference to the IBM

3090 system for analysis. Scaling the data files simply involved extending the beginning and ending
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Figure l05. Block diagram of the photometric measurement system.
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data points until each file contained the same number of points (i.e., approxirnately 320). In doing

so, the resultant plots represented lurninance profiles scaled to the same distance.

An additional step was involved in the generation of data files for the off-axis measurements.

Multiple photometric measurements were required whenever the scanning distance or stroke width
i

of a display’s symbol element was greater than the depth of focus of the 1.0X objective lens. The

procedure adopted involved making three individual measurements; one across the front edge of the

element to about the center of the stroke, a second across the back edge of the element, and a third

across the center. The individual scan fles were then printed in hard copy, exarnined point-by-

point, and then concatenated according to both lurninance and known distance. The final meas-

urement file was then properly scaled as described above and then transferred to the mainframe

computer for mathematical analysis.

Sofiware developed at the DCL of the HFEC was used to perform the Fourier transforrn of the

LSF and provide the needed resolution for calculation of the stroke width-MTFs, ASWMTF, and

SWMTFA (see the section on Discrete Element Image Quality Measures). The calculations and
l

measurement plots produced by the analytical software included the following information: (1) the

lurninance of the LSF of the target as a function ofdistance, (2) maximum lurninance of the symbol

element, (3) the amount of glare associated with the illumination intensity (i.e., the increase in

symbol/background luminance due to ambient illumination), (4) the stroke width of the symbol

element, (i.e., the 50% amplitude line width) and (5) calculation of the ASWMTF and SWMTFA.

RADIOMETRIC MEASUREMENT SYSTEM

A combined telemicroscope·spectroradiometric system was used to perform the desired

radiometric measurments. The system consisted of a GS-4100 Intelligent Radiometer, the GS·2110

(Model D-46A) scanning telemicroscope, an NM-5H monochrometer, a DR-2 digital radiometer,

an SC-l scanning control unit, a Tektronix TM 504 oscilloscope equipped with a DM 502, and a „

single-channel low-pass DC amplifier constructed by the DCL. The telernicroscope was equipped
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with a GS-2110-52 1.0X objective lens and the D-46A PMT was attached to the monochrometer.

The GS-4100 Intelligent Radiometer and GS-2110 telemicroscope were driven by the modified

IBM PC/XT, with the remaining equipment driven by software developed by the DCL and resident

in the HFL PDP-l I /55. A simple block diagram of the radiometric measurement system is illus-

trated in Figure 106.
A

A unique variable-aperture scanning slit was designed and constructed specifically to perform

the radiometric measurements. The primary purpose of this component was to maximize the col-

lection area relative to the symbol stroke width. The variable-aperture slit was constructed out of

two beveled (on one side), knife-edge blades set in small clamps fastened with miniature screws in

a standard EG&G aperture housing. The aperture width could be changed by adjustment of the

blades. Verification of the desired width was determined via photometric measurement of the

(backlit) aperture using the photometric measurement outfitted with the 0.010 mm x 3.0 mm slit.

For the majority of measurements, the width of the aperture was measured and set at 0.36 mm x

3.0 mm (i.e., less than the width of the measured symbol element). Due to the thin element width
V

on the RCP, an aperture of 0.080 mm x 3.0 mm was used.

A metal platform was used to support the GS-21 l0A telemicroscope and the NM-SH

monochrometer/D-46A PMT combination. In this configuration, radiant energy from the desired

target passed through objective lens of the telemicroscope, the opened shutter, and the slit aperture

to the monochrometer and the PMT assembly. The appropriate measurement software recorded

the sampled target and provided the necessary calculations and measurement information.

Procedure

A Hoffman Engineering Radiance Standard (Model RS-65) was used to calibrate the system for

radiometric measurements. To determine the spectral radiant power distribution of a source of

radiant energy, the telemicroscope was used to collect and direct a portion of the emission to the

monochrometer which processed the radiant energy into its spectral characteristics. The spectrum
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of the target was scanned over a specific wavelength range (from 380 nm to 760 nm in either I-nm

or 5-nm increments) and ampliiied by the PMT. The sample was transferred via an analog-to-

digital conversion and stored as a computer file on the PDP-1 1/55 in the form of spectral radiance

values as a function of wavelength. Photometric values are computed directly from the radiance
·

via the software.

Numeral and background chromaticity measurements were collected separately with the tele-

rnicroscope shutter open and the scanning aperture positioned on the target/area of interest. For

the numeral chromaticity measurements, the aperture was positioned directly on the length of (i.e.,

centered and parallel to) the numeral segment of interest. Since accurate placement of the aperture

was critical, a special method was used to properly position the aperture. This method is described

below.

The signal from the PMT was split off from the DR·2 digital radiometer via a Y-connector and

sent through the single-channel low-pass DC amplifier to the DM 502. The aperture was carefully

centered by eye (using the sighting reticle) with the shutter opened. The wavelength ofpeak radiant

intensity for the spectral distribution of the target was first determined by slewing the SC-l scanning

controller up and down the range of desired wavelengths until the maximum voltage was registered

on the DM 502. Accurate placement of the variable·s1it was then accomplished via repositioning

of the aperture until the voltage for the dominant wavelength was again maximized, which indicated

collection of the greatest amount of radiant emission from the target (i.e., the aperture was "fil1ed’

by the numeral segment). In this manner, maximum collection of the spectral emission from the ·

target lead to increased accuracy in determining the chromaticity and spectral radiant power

distrubtion.

Anabuis

Analyses and plots produced by the DCL software of the radiometric measurements included

the following information: (1) the luminance of the target, in nits, (2) the CIE 1931 (x,y)
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chromaticity coordinates, (3) caleulation of the CIE (u’,v’) chromaticity coordinates, and (4) the

spectral radiant power distribution. From the radiometric measurements it was possible to calibrate

the VIDS to provide simulated daylight of the desired chromaticity. In addition, the above infor-

mation was used to calculate Lippert’s (1986) dE color-difference value between symbol and
·

background. This was used to determine any changes in the symbol chromaticity as a result of the

intensity and chromaticity of ambient illumination.

CALIBRA TION OF THE SIMULATED DA YLIGHT ILLUMINATION

The equipment used in the calibration of the VIDS apparatus involved the following: the

radiometric measurement system, the Minolta CS-100 Chroma Meter, various neutral density and

color temperature conversion absorption filters, the Minolta T·1 Illuminance meter, the CIE 1931

(x,y) chromaticity diagram showing isotemperature lines (and "daylight locus") as computed by

Kelly (1963), and a standard photographie white card (88% retlectanee). The variable-aperture

scanning slit, set to a 0.36 mm x 6.0 mm aperture, was used in the radiometric measurement system.

Initially, a series of approximately 80 radiometric measurements were performed to determine

the following: (1) the (uniforrnity oi) spectral reflectanee of the photographie white card (using the

RS-65 radiance standard as a source), (2) the spectral absorption of the neutral density and various

color temperature conversion filters (using the RS-65 radiance standard as a source), (3) the spectral

radiant power distribution and color temperature of the illumination from the individual 1-kW

tungsten-halogen lamps when set at various intensities, (4) the spectral nature of the individual

display filters used in conjunction with the flat-panel display technologies (using the RS-65 as a

source), (5) the spectral power distribution and color temperature of various eombinations of ab-

sorption filters and (number of) lamps (as refleeted 0H the "speetrally ur1iform" photographie white

card).

The procedure employed in the pairing of appropriate absorption filters involved plotting the

measured CIE 1931 (x,y) chromaticity coordinates on the chromaticity diagram. In general, when
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used, each lamp was set at full intensity and reasonable combinations of the filters were attempted

and measured. The desired chromaticity was achieved through the balancing of the proper filter

combinations with the desired illumination intensity (as measured with the Minolta T-1

Illuminance meter.

The simulated indoor/office illumination was achieved by setting the rheostatically controlled

overhead fluorescent lights to an intensity of 0.5 klx measured horizontally at the center of the

display area using the Minolta T-1. These fluorescent lights were 40 W lamps manufactured by

General Electric (F40CW Cool White). The radiometric measurement of this illumination indi-

cated CIE 1931 (x,y) chromaticity coordinates of (0.380,0.393) or a correlated color temperature

of 4167 K. An illustration of the spectral radiant power distribution and chromaticity coordinates
i

of the fluorescent illumination is provided in Figure 107.

The 10 klx intensity was achieved using a single 1-kW lamp (3200 K) with the combination of

the following three filters: (1) a Roscosun #3408 absorption filter (+ 81 mired shift, transmissivity

= 73%), (2) a Roscosun N3 (one-stop) neutral density filter (transmissivity = 50%), and a

Roscosun N6 (two-stop) neutral density filter (transmissivity = 25%). The radiometric measure-

ment of this simulated low sun angle daylight (early moming/late aftemoon) illumination indicated

CIE 1931 (x,y) chromaticity coordinates of (0.462,0.415) or a color temperature of 2703 K. An il-

lustration of the spectral radiant power distribution and chromaticity coordinates of the 10 klx
h

simulated phase of daylight is provided in Figure 108.

The 50 klx intensity was achieved using two of the 1-kW lamps. Both lamps were set to fiill

intensity. One lamp had the combination of the following three filters: (1) a Roscosun #3204 (half

blue or tough booster blue) absorption filter (-68 mired shift, transmissivity
=”

52%), (2) a Rosco

#3313 (tough one-half minusgreen) absorption filter (transmissivity = 71%), and (3) a Roscosun

N3 (one-stop) neutral density filter. The second lamp had the following combination of two

filter: (1) a Roscosun #3204 absorption filter, and (2) a Rosco #3313 absorption filter. The

radiornetric measurement of this simulated average noontime daylight illumination indicated CIE
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1931 (x,y) chromaticity coordinates of (0.361,0.365) or a color temperature of 4550 K. An illus-

tration of the spectral radiant power distribution and the chromaticity coordinates of the 50 klx

simulated phase of daylight is provided in Figure 109.

The 100 klx intensity was achieved using all three of the l-kW lamps set at full intensity. All

three lamps had the same combination of two filters: a Roscosun #3204 and #3313 absorption filter.

The radiometric measurement of this simulated maximum noontime daylight illumination indicated

CIE 1931 (x,y) chromaticity coordinates of (0.350,0.355) or a color temperature of approximately

5000 K. An illustration of the spectral radiant power distribution and chromaticity coordinates of

the 100 klx simulated phase of daylight is provided in Figure 110.

i
The chromaticity of the above four illumination intensities was checked periodically using the

Minolta CS- 100 Chroma Meter throughout the course of the experiment and display characteriza-

tion measurements. The chromaticities stated above were found to hold constant to approximately

0.05 units.

DISPLA Y SYMBOL AND BA CKGROUND CHROMATICITY

This section contains the tables of the measurements performed on the seven flat-panel display

technologies to determine symbol and background chromaticity as well as Lippert's (1986) dE

quantity as a function of illumination and viewing angle. The on-line measurements (i.e., 0 deg

horizontal and 0 deg vertical viewing angles) were performed using the full microradiometric

measurement system as described above. The remainder of the measurements were performed us-

ing the Minolta CS-100 titted with a close-up lens. The CIE 1976
(u’,v’)

chromaticity coordinates

for the measurements made with the CS-100 were calculated from the CIE 1931 (x,y) chromaticity

coordinates using the following two standard conversion equations:

1/—(—2x+12y+3)
md (14)
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9y
”'“(—2.x+12y+s)‘ (15)

PHOTOMETRIC MEASUREMENTS _

The remainder of Appendix A contains the summary tables of the following display character-

ization measurements collected using the photometric measurement system: symbol luminance,

ASWMTF, and SWMTFA.
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Table 98

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the RCP at a Horizontal Viewing Angle of .

0 deg and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illumination

(klx) x y u' v'

0.5 0.608 0.377 0.385 0.538

(0.442) (0.369) (0.270) (0.507)

10 0.571 0.386 0.351 0.535

(0.446) (0.408) (0.255) (0.524)

50 0.445 0.369 0.272 0.508

(0.336) (0.342) (0.209) (0.479)

100 0.409 0.364 0.249 0.500

(0.337) (0.341) (0.210) (0.478)
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Table 99

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the RCP at a Horizontal Viewing Angle of „

O deg and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity CoordinatesIllumination
(klx) x y u' v'

0.5 0.590 0.390 0.363 0.540

(0.400) (0.380) (0.237) (0.506)

10 0.490 0.405 0.285 0.530

(0.440) (0.403) (0.253) (0.521)

50 0.366 0.370 0.218 0.496
‘

(0.345) (0.370) ·
(0.204) (0.473)

100 0.355 0.370 0.211 0.495

(0.348) (0.365) (0.208) (0.492)
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Table 100

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the RCP at a Horizontal Viewing Angle of L45 _

and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illumination

( k1x ) x y u' v'

0.5 0.594 0.390 0.366 0.541

(0.460) (0.390) (0.272) (0.519)

10 0.567 0.390 0.346 0.536

(0.436) (0.390) (0.256) (0.516)

50 0.461 0.360 0.288 0.506

(0.350) (0.340) (0.219) (0.480)

_ 100 0.432 0.358 0.269 0.501

(0.349) (0.337) (0.220) (0.478)
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Table 101

The CIE 1931 (x,y) and 1976 (u'.v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the RCP at a Horizontal Viewing Angle of R45 _

and a Vertical Viewing Angle of O deg

Ambient Chromaticity Coordinates
Illumination

(klx) x y u' v'

0.5 0.591 0.390 0.364 0.540 .

(0.456) (0.390) (0.270) (0.519)

10 0.567 0.390 0.346 0.536

(0.435) (0.390) (0.256) (0.515)

50 0.460 0.360 0.288 0.506

(0.350) (0.340) (0.219) (0.480)

100 0.430 0.360 0.266 0.502

(0.350) (0.340) (0.219) (0.480)
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Table 102

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the RCP at a Horizontal Viewing Angle of L45 »

and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illumination

(klx) x y u' v'

0.5 0.594 0.387 0.368 0.540

(0.439) (0.393) (0.257) (0.517)

10 0.568 0.389 0.348 0.536

(0.437) (0.387) (0.258) (0.514)

50 0.450 0.360 0.280 0.505

(0.350) (0.340) (0.219) (0.480)

100 0.430 0.360 0.266 0.502

(0.350) (0.340) (0.219) (0.480)
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Table 103

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the RCP at a Horizontal Viewing Angle of R45 _

and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illumination

(klx) x y u' v'

0.5 0.590 0.395 0.360 0.542

(0.440) (0.395) (0.257) (0.518)

10 0.560 0.390 0.341 0.535

(0.436) (0.390) (0.256) (0.516)

50 0.450 0.360 0.280 0.505

(0.350) (0.340) (0.219) (0.480)

100 0.430 0.360 0.266 0.502

(0.350) (0.340) (0.219) (0.480)
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Table 104

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the SIM at a Horizontal Viewing Angle of _

0 deg and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illumination

(klx) x y u' v'

0.5 0.616 0.378 0.391 0.539

(0.439) (0.373) (0.266) (0.509)

10 0.583 0.386 0.360 0.537

(0.452) (0.413) (0.256) (0.527)

50 0.457 0.377 0.276 0.513

(0.344) (0.352) (0.210) (0.485)

100 0.418 0.373 0.252 0.505

(0.349) (0.356) (0.212) (0.487)
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Table 105

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the SIM at a Horizontal Viewing Angle of .

0 deg and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illumination

(klx) x y u' v'

0.5 0.590 0.390 0.363 0.540

(0.416) (0.382) (0.246) (0.509)

10 0.524 0.390 0.316 0.529

(0.450) (0.390) (0.265) (0.518)

50 0.398 0.370 0.240 0.501

(0.350) (0.360) (0.211) (0.489)

100 0.381 0.360. 0.232 0.494

(0.350) (0.350) (0.215) (0.485)
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Table 106

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the SIM at a Horizontal Viewing Angle of L45 .

and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illumination

(klx) x y u' v'

0.5 0.590 0.380 0.370 0.536

(0.430) (0.390) (0.252) (0.515)

10 0.590 0.380 0.370 0.536

(0.450) (0.390) (0.265) (0.518)

50 0.480 0.380 0.291 0.518

(0.350) (0.344) (0.218) (0.482)

100 0.430 0.380 0.257 0.510

(0.350) (0.340) (0.219) (0.480)
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Table 107

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the SIM at a Horizontal Viewing Angle of _

R45 and a Vertical Viewing Angle of O deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.590 0.390 0.363 0.540

(0.440) (0.395) (0.256) (0.518)

10 0.570 0.390 0.349 0.537

(0.450) (0.390) (0.265) (0.518)

50 0.482 0.380 0.292 0.518

(0.350) (0.350) (0.215) (0.485)

100 0.436 0.375 0.263 0.509 V

(0.347) (0.347) (0.215) (0.483)
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Table 108

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the SIM at a Horizontal Viewing Angle of _

L45 and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.590 0.380 0.370 0.536

(0.430) (0.390) (0.252) (0.515)

10 0.590 0.380 0.370 0.536

(0.450) (0.390) (0.265) (0.518)

50 0.480 0.380 0.291 0.518

(0.350) (0.340) (0.219) (0.480)

100 0.430 0.380 0.257 0.510

(0.350) (0.340) (0.219) (0.480)
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Table 109

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the SIM at a Horizontal Viewing Angle of

R45 and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity CoordinatesIlluminance
(klx) x y u' v'

0.5 0.590 0.386 0.366 0.538

(0.430) (0.400) (0.248) (0.519)

10 0.570 0.390 0.349 0.537

(0.450) (0.390) (0.265) (0.518)

50 0.480 0.380 0.291 0.518

(0.350) (0.350) (0.215) (0.485)

100 0.440 0.370 0.268 0.508

(0.350) (0.350) (0.215) (0.485)
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Table 110

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LED at a Horizontal Viewing Angle of _

0 deg and a Vertical Viewing Angle of O deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.728 0.271 0.606 0.509

(0.700) (0.281) (0.562) (0.509)

10 0.728 0.271 0.606 0.509

(0.625) (0.322) (0.445) (0.516)

50 0.728 0.271 0.607 0.509

(0.484) (0.321) (0.329) (0.491)

100 0.728 0.271 0.607 0.509

(0.483) (0.317) (0.331) (0.489)
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Table 111
The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LED at a Horizontal Viewing Angle of .

0 deg and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.728 0.271 0.606 0.509

(0.700) (0.280) (0.565) (0.508)

10 0.728 0.271 0.606 0.509

(0.620) (0.320) (0.443) (0.514)

50 0.728 0.271 0.606 0.509

(0.480) (0.320) (0.327) (0.490)

100 0.728 0.271 0.606 0.509

(0.480) (0.320) (0.327) (0.490)
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Table 112

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LED at a Horizontal Viewing Angle of _

L45 and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.728 0.271 0.606 0.509

(0.700) (0.280) (0.565) (0.508)

10 0.728 0.271 0.606 0.509

(0.620) (0.320) (0.440) (0.515)

50 0.728 0.271 0.606 0.509

(0.480) (0.320) (0.327) (0.490)

100 0.728 0.271 0.606 0.509

(0.480) (0.320) (0.330) (0.490)
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Table 113

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LED at a Horizontal Viewing Angle of _

R45 and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.728 0.271 0.606 0.509

(0.700) (0.280) (0.565) (0.508)

10 0.728 0.271 0.606 0.509

(0.620) (0.320) (0.440) (0.515)

50 0.728 0.271 0.606 0.509

(0.480) (0.320) (0.327) (0.490)

100 0.728 0.271 7 0.606 0.509

(0.480) (0.320) (0.330) (0.490)
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Table 114

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LED at a Horizontal Viewing Angle of

L45 and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.728 0.271 0.606 0.509

(0.700) (0.280) (0.565) (0.508)

10 0.728 0.271 0.606 0.509

(0.620) (0.320) (0.440) (0.515)

50 0.728 0.271 0.606 0.509

(0.480) (0.320) (0.327) (0.490)

100 0.728 0.271 0.606 0.509

(0.480) (0.320) (0.330) (0.490)
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Table 115

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LED at a Horizontal Viewing Angle of .
R45 and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.728 0.271 0.606 0.509

(0.700) (0.280) (0.565) (0.508)

10 0.728 0.271 0.606 0.509

(0.620) (0.320) (0.440) (0.515)

50 0.728 0.271 0.606 0.509

(0.480) (0.320) (0.327)
“

(0.490)

100 0.728 0.271 0.606 0.509

(0.480) (0.320) (0.330) (0.490)
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Table 116

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the VFD at a Horizontal Viewing Angle of .

0 deg and a Vertical Viewing Angle of O deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.263 0.450 0.133 0.514

(0.267) (0.424) (0.141) (0.505)

10 0.307 0.437 0.161 0.515

(0.435) (0.417) (0.243) (0.526)

50 0.323 0.395 0.182 0.501

(0.367) (0.376) (0.217) (0.499)

100 0.332 0.387 0.190 0.499

(0.369) (0.374) (0.219) (0.499)
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Table 117

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the VFD at a Horizontal Viewing Angle of l
of O deg and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.268 0.411 0.145 0.500

(0.296) (0.398) (0.165) (0.499)

10 0.341 0.413 0.186 0.511

(0.440) (0.399) (0.255) (0.520)

50 0.330 0.380 0.191 0.496

(0.360) (0.360) (0.218) (0.491)

100 0.343 0.374 0.202 0.495

(0.360) (0.360) (0.218) (0.491)
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Table 118

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the VFD at a Horizontal Viewing Angle of L45 .

and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.268 0.410 0.145 0.500

(0.280) (0.400) (0.155) (0.497)

10 0.290 0.410 0.158 0.503

(0.400) (0.400) (0.229) (0.514)

50 0.310 0.390 0.176 0.497

(0.360) (0.370) (0.214) (0.496)

100 0.320 0.390 0.182 0.499

(0.370) (0.370) (0.221) (0.497)
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Table 119

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the VFD at a Horizontal Viewing Angle of R45 .

and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illuminance

(kix) x y u ' v'

0.5 0.268 0.415 0.144 0.502

(0.285) (0.400) (0.158) (0.498)

A 10 0.291 0.411 0.158 0.498

(0.394) (0.397) (0.226) (0.512)

50 0.309 0.398 0.173 0.500

(0.363) (0.371) (0.216) (0.496)

100 0.323 0.393 0.183 0.500

(0.367) (0.371) (0.216) (0.497)
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Table 120

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the VFD at a Horizontal Viewing Angle of L45 .
and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.268 0.410 0.145 0.500

(0.280) (0.400) (0.155) (0.497)

10 0.290 0.410 0.158 0.503

(0.400) (0.400) (0.229) (0.514)

50 0.310 0.390 0.176 0.497

(0.360) (0.370) (0.214) (0.496)

100 0.320 0.390 0.182 0.499

(0.370) (0.370) (0.221) (0.497)
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Table 121

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the VFD at a Horizontal Viewing Angle of R45 V

and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity CoordinatesIlluminance
(klx) x y u' v'

0.5 0.268 0.410 0.145 0.500

(0.285) (0.400) (0.158) (0.498)

10 0.291 0.411 0.158 0.503

(0.395) (0.399) (0.226) (0.513)

50 0.309 0.399 0.172 0.501

(0.365) (0.372) (0.217) (0.497)

100 0.320 0.390 0.182 0.499

(0.369) (0.372) (0.219) (0.498)
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Table 122

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LCD at a Horizontal Viewing Angle of .

O deg and a Vertical Viewing Angle of O deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.359 0.373 0.212 0.497

(0.364) (0.366) (0.219) (0.494)

10 0.490 0.372 0.302 0.516

(0.467) (0.401) (0.272) (0.525)

50 0.344 0.326 0.221 0.471

(0.354) (0.341) (0.222) (0.481)

100 V 0.340 0.326 0.218 0.470

(0.350) (0.338) (0.220) (0.478)
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Table 123

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LCD at a Horizontal Viewing Angle of _

O deg and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.370 0.394 0.212 0.507

(0.386) (0.396) (0.221) (0.511)

10 0.484 0.380 0.294 0.519

(0.486) (0.329) (0.325) (0.495)

50 0.342 0.313 0.225 0.464

(0.380) (0.355) (0.234) (0.492)

100 0.344 0.314 0.226 0.465

(0.379) (0.353) (0.234) (0.490)
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Table 124

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LCD at a Horizontal Viewing Angle of L45 .
and a Vertical Viewing Angle of O deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.387 0.399 0.221 0.512

(0.400) (0.403) (0.227) (0.515)

10 0.420 0.383 . 0.249 0.510

(0.434) (0.391) (0.254) (0.516)

50 0.363 0.354 0.223 0.489

(0.367) (0.359) (0.223) (0.491)

100 0.345 0.346 0.214 0.482

(0.355) (0.359) (0.215) (0.490)
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Table 125

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LCD at a Horizontal Viewing Angle of~R45 A
and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity CoordinatesIlluminance
(klx) x y u' v'

0.5 0.397 0.394 0.229 0.511

(0.405) (0.402) (0.231) (0.516)

10 0.420 0.380 0.250 0.509

(0.430) (0.390) (0.252) (0.515)

50 0.360 0.350 0.222 0.486

(0.370) (0.360) (0.225) (0.492)

100 0.350 0.350 0.215 0.485

(0.360) (0.360) (0.218) (0.491)

APPENDIX A 3*2



Table 126

. The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LCD at a Horizontal Viewing Angle of L45 .
and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.394 0.391 0.228 0.510

(0.401) (0.403) (0.228) (0.516)

10 0.422 0.402 0.242 0.518

(0.435) (0.400) (0.251) (0.519)

50 0.359 0.354 0.220 0.488

(0.369) (0.358) (0.225) (0.491)

100 0.349 0.345 0.217 0.482

(0.361) (0.360) (0.219) (0.491)
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Table 127

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the LCD at a Horizontal Viewing Angle of R45 .
and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.390 0.390 0.226 0.509

(0.400) (0.400) (0.229) (0.514)

10 0.421 0.383 0.249 0.510

(0.437) (0.400) (0.252) (0.520)

50 0.360 0.355 0.220 0.489

(0.370) (0.360) (0.225) (0.492)

100 0.350 0.350 0.215 . 0.485

(0.355) (0.360) (0.215) (0.490)
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Table 128

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the HTLCD at a Horizontal Viewing Angle of .

O deg and a Vertical Viewing Angle of O deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.379 0.408 0.212 0.514

(0.429) (0.508) (0.208) (0.555)

10 0.438 0.424 0.243 0.529

(0.416) (0.504) (0.202) (0.552)

50 0.334 0.357 0.202 0.486

(0.341) (0.515) (0.160) (0.545)

100 0.347 0.374 0.204 0.495

(0.421) (0.465) (0.217) (0.541)
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Table 129

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the HTLCD at a Horizontal Viewing Angle of

O deg and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.384 0.375 0.228 0.501

(0.422) (0.483) (0.212) (0.547)

10 0.413 0.368 0.251 0.503

(0.430) (0.478) (0.218) (0.546)

50 0.319 0.310 0.210 0.459

(0.361) (0.476) (0.181) (0.536)

100 0.340 0.360- 0.205 0.488

(0.332) (0.472) (0.166) (0.531)
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Table 130

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the HTLCD at a Horizontal Viewing Angle of .

L45 and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.385 0.388 0.224 0.507

(0.411) (0.429) (0.224) (0.527)

10 0.386 0.391 0.223 0.509

(0.454) (0.460) (0.236) (0.544)

50 0.286 0.291 0.193 0.442

(0.392) (0.477) (0.198) (0.541)

100 0.287 0.290 0.194 0.442

(0.384) (0.477) (0.193) (0.540)
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Table 131

The CIE 1931 (x,y) and 1976 (u',v”) Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the HTLCD at a Horizontal Viewing Angle of .

R45 and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.395 0.391 0.229 0.510

(0.410) (0.414) (0.229) (0.521)

10 0.392 0.384 0.230 0.506

(0.404) (0.427) (0.221) (0.525)

50 0.317 0.330 0.200 0.469

(0.332) (0.392) (0.189) (0.501)

100 0.297 0.321 0.190 0.462

(0.326) (0.406) (0.181) (0.506)
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Table 132

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the HTLCD at a Horizontal Viewing Angle of

L45 and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.385 0.390 0.223 0.508

(0.410) (0.430) (0.223) (0.527)

10 0.390 0.390 0.226 0.509

(0.450) (0.460) (0.236) (0.543)

50 0.290 0.290 0.197 0.442

(0.390) (0.470) (0.198) (0.538)

100 0.290 0.290 0.197 0.442

(0.380) (0.470) (0.193) (0.537)
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Table 133

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the HTLCD at a Horizontal Viewing Angle of .
R45 and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.390 0.390 0.226 0.509

(0.410) (0.410) (0.231) (0.520)

10 0.390 0.385 0.228 0.507

(0.400) (0.430) (0.217) (0.526)

50 0.310 0.330 0.196 0.468

(0.330) (0.390) (0.188) (0.500)

100 0.290 0.310 0.189 0.454

(0.330) (0.410) (0.182) (0.508)
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Table 134

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity
4

Coordinates of Symbol (and Background) as a Function of

Illuminance for the TFLCD at a Horizontal Viewing Angle of

0 deg and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.579 0.394 0.352 0.540

(0.453) (0.415) (0.256) (0.528)

10 0.538 0.401 0.319 0.536

(0.449) (0.410) (0.256) (0.525)

50 0.433 0.372 0.263 0.507

(0.342) (0.343) (0.212) (0.480)

100 0.430 0.371 0.261 0.506

(0.351) (0.345) (0.218) (0.482)
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Table 135

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the TFLCD at a Horizontal Viewing AngleofO

deg and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.570 0.384 0.353 0.534

(0.430) (0.370) (0.261) (0.506)

10 0.487 0.403 0.284 0.529

(0.449) (0.393) (0.263) (0.519

50 0.406 0.366 0.247 0.501

(0.347) (0.361) (0.209) (0.489)

100 0.402 0.371 0.242 0.502

(0.344) (0.359) (0.208) (0.488)

l
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Table 136

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the TFLCD at a Horizontal Viewing Angle of p
L45 and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity CoordinatesIlluminance
(klx) x y u' v'

0.5 0.560 0.390 0.341 0.535

(0.429) (0.397) (0.248) (0.517)

10 0.555 0.393 0.336 0.535

(0.445) (0.390) (0.262) (0.517)

50 0.516 0.400 0.305 0.532

(0.391) (0.357) (0.241) (0.494)

100 0.520 0.397 0.309 0.531

(0.374) (0.349) (0.232) (0.488)
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Table 137

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the TFLCD at a Horizontal Viewing Angle of _

R45 and a Vertical Viewing Angle of 0 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.570 0.385 0.352 0.535

(0.430) (0.390) (0.252) (0.515)

10 0.560 0.390 0.341 0.535

(0.450) (0.390) (0.265) (0.518)

50 0.520 0.400 0.308 0.533

(0.390) (0.360) (0.239) (0.495)

100 0.520 0.400 0.308 0.533

(0.370) (0.350) (0.229) (0.488)
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Table 138

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the TFLCD at a Horizontal Viewing Angle of _

L45 and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.560 0.390 0.341 0.535

(0.430) (0.390) (0.252) (0.515)

10 0.550 0.390 0.343 0.533

(0.447) (0.386) (0.265) (0.516)

50 0.510 0.390 0.306 0.527

(0.390) (0.360) (0.239) (0.495)

100 0.510 0.390 0.306 0.527

(0.370) (0.350) (0.229) (0.488)
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Table 139

The CIE 1931 (x,y) and 1976 (u',v') Chromaticity

Coordinates of Symbol (and Background) as a Function of

Illuminance for the TFLCD at a Horizontal Viewing Angle of „

R45 and a Vertical Viewing Angle of 15 deg

Ambient Chromaticity Coordinates
Illuminance

(klx) x y u' v'

0.5 0.560 0.390 0.341 0.535

(0.430) (0.390) (0.252) (0.515)

10 0.550 0.390 0.343 0.533

(0.450) (0.385) (0.268) (0.516)

50 0.510 0.390 0.306 0.527

(0.390) (0.360) (0.239) (0.495)

100 0.510 0.390 0.306 0.527

(0.370) (0.350) (0.229) (0.488)
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Table 140

Symbol Luminance (nits) as a Function of Illuminance and

Horizontal Viewing Angle for the RCP at a Vertical Viewing

Angle of O deg (and 15 deg) ,

Ambient Horizontal Viewing AngleIlluminance
(klx) 0 deg L45 R45

0.5 121.4 90.6 88.8

(141.4) (90.5)(88.3)10

177.4 107.3 102.7

(503.9) (111.7) (107.3)

50 368.9 165.7 155.2

(1419.9) (204.0) (172.8)

100 562.2 233.1 225.7

(2292.9) (304.1) (277.7)
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Table 141

Symbol Luminance (nits) as a Function of Illuminance and

Horizontal Viewing Angle for the SIM at a Vertical Viewing

Angle of 0 deg (and 15 deg) _

Ambient Horizontal Viewing Angle
Illuminance

(klx) 0 deg L45 R45

0.5 205.5 112.9 109.3

(174.9) (151.3) (111.2)

10 250.1 129.7 131.8

(418.0) (170.2) (134.8)

50 452.3 223.5 205.7

(1325.1) (301.1) (220.7)

100 676.7 323.9 309.6

(1934.5) (432.7) (362.6)
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Table 142

Symbol Luminance (nits) as a Function of Illuminance and

Horizontal Viewing Angle for the LED at a Vertical Viewing

Angle of O deg (and 15 deg) .

Ambient Horizontal Viewing Angle
Illuminance

(klx) 0 deg L45 R45

0.5 1121.4 868.2 919.3

(906.7) (788.9) (732.0)

10 1114.3 843.7 866.0

(968.8) (777.0) (702.7)

50 1108.0 836.9 839.2

(1119.0) (775.3) (693.9)

100 1097.9 823.0 813.7

(1207.9) (779.9) (683.7)
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Table 143

Symbol Luminance (nits) as a Function of Illuminance and

Horizontal Viewing Angle for the VFD at a Vertical Viewing

Angle of 0 deg (and 15 deg) .

Ambient Horizontal Viewing Angle
Illuminance

(klx) 0 deg L45 R45

0.5 951.9 598.3 585.7

(855.0) (528.4) (533.6)

10 1083.3 666.1 669.7

(1148.2) (659.1) (637.7)

50 1454.4 861.8 854.3

(2006.8) (865.7) (844.9)

100 1810.4 1089.5 1096.1

(2733.4) (1095.1) (1101.1)

Ar·Pr·;Nmx A 4W



Table 144

Maximum Luminance (nits) as a Function of Illuminance and

Horizontal Viewing Angle for the LCD at a Vertical Viewing

. Angle of 0 deg (and 15 deg) .

Ambient Horizontal Viewing Angle
Illuminance

(klx) 0 deg L45 R45

0.5 7.6 25.1 19.8

(43.6) (31.5) (19.5)

10 607.7 55.4 53.0

(2196.4) (72.0) (60.6)

50 2716.9 233.1 133.9

(8306.0) (382.6) (195.4)

100 4490.0 398.2 366.6

(12931.0) (755.9) (597.4)
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Table 145

Maximum Luminance (nits) as a Function of Illuminance and

Horizontal Viewing Angle for the HTLCD at a Vertical Viewing

Angle of O deg (and 15 deg) .

Ambient Horizontal Viewing Angle
Illuminance

(klx) 0 deg L45 R45

0.5 8.3 23.5 21.9

(68.2) (32.5) (22.4)

10 254.8 193.8 42.7

(982.1) (193.2) (45.5)

50 1106.0 1061.8 105.6

(2633.5) (1239.4) (175.0)

100 2145.7 1964.4 210.2

(7017.1) (2275.7) (320.3)
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Table 146

Symbol Luminance (nits) as a Function of Illuminance and

Horizontal Viewing Angle for the TFLCD at a Vertical Viewing

Angle of O deg (and 15 deg) _

Ambient Horizontal Viewing Angle
Illuminance

(klx) 0 deg L45 R45

0.5
A

62.2 45.3 44.6

(106.4) (42.4) (33.1)

10 129.9 71.9 74.2

(198.3) (63.3) (53.6)

50 368.2 180.8 182.7

(605.7) (147.4) (138.1)

100 566.4 316.9 309.2

(920.5) (258.1) (238.5)
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Table 147

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the RCP at a Horizontal Viewing

Angle of 0 deg and a Vertical Viewing Angle of 0 deg _

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 „ 41.0 32.7 25.9 21.2 17.8

(30.7) (25.1) (20.8) (17.6) (15.3)

10 28.4 22.8 18.2 14.9 12.6

(19.4) (16.4) (13.7) (11.9) (10.3)

50 17.8 14.5 11.8 9.7 8.2

(10.8) (9.2) (8.0) (7.0) (6.2)

100 15.2 12.6 10.4 8.6 7.3

(8.5) (7.6) (6.7) (5.9) (5.3)
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Table 148

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the RCP at a Horizontal Viewing
Angle of 0 deg and a Vertical Viewing Angle of 15 deg g

Ambient Symbol Subtense (min)Illuminance
(klx) 10 15 20 25 30

0.5 35.8 28.3 22.4 18.4 15.5

(26.2) (21.3) (17.8) (15.1) (13.1)

10 12.1 10.0 8.2 6.8 5.8

(6.6) (5.8) (5.1) (4.5) (4.0)

50 8.4 7.7 6.7 5.7 4.9

(3.6) (3.4) (3.2) (3.0) (2.8)

100 1.0 1.0 1.0 1.0 1.0

(1.0) (1.0) (1.0) (1.0) (1.0)

APPENDIX A 405



Table 149

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the RCP at a Horizontal Viewing

Angle of L45 deg and a Vertical Viewing Angle of O deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 35.3 27.7 21.6 17.3 14.5

(25.4) (21.0) (17.4) (14.8) (12.7)

10 26.6 23.4 18.4 14.8 12.4

(20.6) (17.2) (14.3) (12.2) (10.6)

50 17.3 13.6 10.7 8.7 7.3

(10.6) (9.0) (7.7) (6.7) (5.9)

100 11.8 9.4 7.5 6.1 5.1

(6.3) (5.6) (4.9) (4.3) (3.9)

APPENDIX A 406



Table 150

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the RCP at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of 0 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 34.1 27.1 21.2 17.1 14.3

(24.2) (20.1) (16.9) (14.3) (12.5)

10 27.8 22.2 17.4 14.1 11.8

(19.1) (16.0) (13.4) (11.5) (10.0)

50 17.1 14.1 11.2 9.1 7.6

(10.1) (8.8) (7.7) (6.8) (6.0)

100 12.8 10.3 8.3 6.8 5.7

(7.0) (6.2) (5.4) (4.8) (4.2)

Ar·PENmx A 407



Table 151

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the RCP at a Horizontal Viewing
Angle of L45 deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)Illuminance
(klx) 10 15 20 25 30

0.5 32.7 24.9 19.1 15.3 12.8
(23.6) (19.0) (15.7) (13.3) (11.4)

10 26.3 20.2 15.5 12.5 10.4

(18.3) (14.9) (12.3) (10.5) (9.1)

50 13.8 10.6 8.2 6.6 5.5

(8.1) (6.9) (5.9) (5.1) (4.5)

100 9.6 7.5 5.9 4.7 4.0

(5.0). (4.4) (3.8) (3.4) (3.0)

Amuawmx A · ws



Table 152

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the RCP at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)Illuminance
(klx) 10 15 20 25 30

0.5 34.5 27.4 21.5 17.4 14.6

(24.6) (20.4) (17.1) (14.5) (12.6)

10 28.6 22.9 18.1 14.6 12.2

(19.8) (16.5) (13.8) (11.9) (10.3)

50 17.7 14.3 11.4 9.2 7.8

(10.8) (9.2) (8.0) (6.9) (6.1)

100 13.1 11.0 8.9 7.3 6.2

(7.0) (6.2) (5.6) (5.0) (4.5)

APPENDIX A
"°°



Table 153

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the SIM at a Horizontal Viewing
Angle of O deg and a Vertical Viewing Angle of O deg .

Ambient Symbol Subtense (min)Illuminance
(klx) 10 15 20 25 30

0.5 39.6 28.7 22.0 18.0 15.0

(29.8) (23.4) (18.9) (15.8) (13.5)

10 29.6 21.3 16.4 13.5 11.3

(21.0) (16.8) (13.7) (11.5) (9.9)

50 17.9 12.8 10.0 8.2 6.9

(11.0) (9.4) (7.8) (6.7) (5.8)

100 14.6 10.5 8.2 6.8 5.7
» (8.8) (7.3) (6.2) (5.3) (4.6)

APPENDIX A **0



Table 154

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the SIM at a Horizontal Viewing

Angle of 0 deg and a Vertical Viewing Angle of 15 deg ;

Ambient Symbol Subtense (min)Illuminance
(klx) 10 15 20 25 30

0.5 33.9 24.3 18.8 15.5 12.9

(24.7) (19.8) (16.0) (13.3) (11.4)

10 8.8 6.2 4.9 4.0 3.4

(4.5) (3.9) (3.4) (3.0) (2.6)

50 5.6 4.0 3.1 2.6 2.1

(2.6) (2.3) (2.0) (1.8) (1.6)

100 4.1 2.9 2.3 1.9 1.6

(1.6) (1.5) (1.3) (1.2) (1.1)

A 4ll



Table 155

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the SIM at a Horizontal Viewing

Angle of L45 deg and a Vertical Viewing Angle of 0 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 33.2 24.6 18.9 15.1 12.7

(24.0) (19.3) (15.7) (13.2) (11.4)

10 28.8 21.4 16.4 13.2 11.0

(20.2) (16.2) (13.4) (11.3) (9.7)

50 19.7 14.6 11.2 9.0 7.5

(12.5) (10.4) (8.8) (7.5) (6.5)

100 15.7 11.7 8.9 7.2 6.0

(9.3) (7.9) (6.7) (5.8) (5.1)

Armzwnrx A "2



Table 156

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the SIM at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of 0 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 34.5 25.8 19.8 —l5.9 13.3

(24.8) (20.0) (16.5) (13.9) (11.9)

10 28.9 21.6 16.6 13.3 11.2

(20.2) (16.3) (13.5) (11.4) (9.9)

50 19.8 14.8 11.3 9.1 7.7

(12.7) (10.5) (8.8) (7.6) (6.5)

100 14.6 10.9 8.3 6.7 5.6

(8.6) (7.2) (6.2) (5.3) (4.7)-

APPENmx A 4*3



Table 157

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the SIM at a Horizontal Viewing

Angle of L45 deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 33.6 25.2 19.3 15.6 13.0

(23.9) (19.4) (16.0) (13.5) (11.6)

10 30.7 23.0 17.7 14.3 12.0

(21.6) (17.6) (14.4) (12.2) (10.5)

50 20.0 15.0 11.5 9.3 7.8

(12.7) (10.5) (8.9) (7.7) (6.6)

100 16.0 12.1 9.2 7.4 6.3

(9.5) (8.1) (6.9) (6.0) (5.2)

APPENDIX A ‘“‘



Table 158

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the SIM at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)Illuminance
(klx) 10 15 20 25 30

0.5 34.4 25.8 19.8 15.9 13.3

(24.8) (20.0) (16.4) (13.8) (11.9) A

10 28.5 21.2 16.2 13.1 11.0

(20.0) (16.0) (13.3) (11.2) (9.6)

50 19.5 14.4 11.0 8.9 7.4

(12.6) (10.3) (8.6) (7.4) (6.4)

100 14.1 10.4 7.9 6.4 5.3

(8.4) (7.0) (5.9) (5.1) (4.5)

Am=·ENmx A 415



Table 159

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LED at a Horizontal Viewing

Angle of 0 deg and a Vertical Viewing Angle of O deg _

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 35.9 26.0 20.6 17.0 14.4

(28.5) (21.5) (16.9) (13.8) (11.9)

10 34.4 24.9 19.8 16.3 13.8

(26.5) (20.5) (16.2) (13.2) (11.3)

50 30.3 22.3 17.5 14.4 12.2

(23.1) (17.6) (14.0) (11.6) (9.9)

100 28.2 20.5 16.3 13.5 11.4

(21.3) (16.4) (13.0) (10.7) (9.1)

APPENDIX A **6



Table 160

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LED at a Horizontal Viewing

Angle of 0 deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 34.7 25.3 20.1 16.6 14.1

(26.8) (20.4) (16.1) (13.3) (11.5)

10 28.3 20.6 16.4 13.6 11.5

(21.6) (16.5) (13.1) (10.8) (9.2)

50 21.3 15.5 12.1 10.0 8.4

(16.3) (12.4) (9.9) (8.1) (6.8)

100 20.6 15.2 11.9 9.8 8.3

(15.3) (11.8) (9.4) (7.8) (6.6)

APPENDIX A 4*7



Table 161

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LED at a Horizontal Viewing

Angle of L45 deg and a Vertical Viewing Angle of 0 deg

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 42.8 31.8 25.8 21.9 18.8

(32.4) (25.8) (21.0) (17.4) (14.9)

10 42.6 32.0 25.9 22.1 19.0

(32.1) (25.7) (21.0) (17.5) (14.9)

50 41.6 31.3 25.3 21.7 18.6

(31.1) (25.0) (20.4) (17.0) (14.6)

100 40.2 30.6 24.8 21.3 18.3

(29.8) (24.1) (19.8) (16.6)

(14.2)APPENDIXA 4*8



Table 162

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LED at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of O deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 43.4 32.5 26.2 22.3 19.1

(32.7) (26.2) (21.4) (17.8) (15.2)

10 42.8 32.0 25.7 21.9 18.7

(32.2) (25.9) (21.1) (17.5) (15.0)

50 41.2 30.8 24.8 21.1 18.0

(30.9) (24.8) (20.2) (16.8) (14.4)

100 -39.2 29.0 23.4 19.9 17.0

(29.2) (23.4) (19.1) (15.9) (13.6)

Am>ENmx A **9



Table 163

The ASWMTF (and·SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LED at a Horizontal Viewing

Angle of L45 deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 42.2 31.2 25.3 21.4 18.3

(31.9) (25.4) (20.6) (17.1) (14.6)

10 41.7 31.0 25.1 21.3 18.2

(31.4) (25.1) (20.4) (17.0) (14.5)

50 39.8 29.6 24.1 20.4 17.5

(29.8) (23.8) (19.4) (16.2) (13.8)

100 37.9 28.2 22.9 19.5 16.7

(27.5) (22.6) (18.2) (15.3) (13.1)

APPENDIXA420



Table 164

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LED at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of 15 deg -

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 44.3 33.7 26.9 23.1 19.8

(33.2) (26.8) (22.2) (18.5) (15.8)

10 43.5 33.1 26.4 22.7 19.4

(32.5) (26.3) (21.6) (18.1) (15.5)

50 41.0 30.8 24.7 21.2 18.1

(30.5) (24.6) (20.1) (16.8) (14.4)

100 37.5 28.2 22.6 19.4 16.6

(26.8) (22.3) (18.3) (15.3) (13.1)

A 42*



Table 165

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the VFD at a Horizontal Viewing

Angle of O deg and a Vertical Viewing Angle of 0 deg „

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 35.7 25.8 21.6 18.1 15.5

(26.6) (21.2) (16.9) (14.0) (11.7)

10 30.9 22.4 18.7 15.8 13.4

(22.3) (18.0) (14.5) (12.1) (10.3)

50 20.4 14.9 12.4 10.5 8.9

(13.3) (11.1) (9.3) (7.8) (6.7)

100 15.0 11.0 9.1 7.8 6.6

(8.9) (7.7) (6.5) (5.5) (4.8)

Avpmvxx A ‘2z



Table 166

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the VFD at a Horizontal Viewing

Angle of 0 deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 33.6 24.3 20.1 16.8 14.2

(25.0) (19.8) (15.9) (13.2) (11.1)

10 22.2 16.1 13.4 11.2 9.5

(14.9) (12.3) (10.0) (8.4) (7.2)

50 10.3 7.5 6.2 5.2 4.4

(5.8) (4.9) (4.2) (3.6) (3.2)

100 7.1 5.2 4.3 3.6 3.1

(3.4) (3.0) (2.7) (2.4) (2.1)

Avmawmx A 423



Table 167

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the VFD at a Horizontal Viewing

Angle of L45 deg and a Vertical Viewing Angle of 0 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 · 30

0.5 34.9 27.1 21.0 17.8 15.5

(25.3) (20.7) (17.2) (14.5) (12.5)

10 31.1 24.7 19.0 16.0 14.0

(21.8) (18.2) (15.2) (13.0) (11.2)

50 22.1 17.9 13.8 11.6 10.1

(14.1) (12.1) (10.4) (9.0) (7.9)

100 16.7 13.6 10.5 8.8 7.7

(9.7) (8.5) (7.5) (6.6) (5.8)

APPENDIXA424



Table 168
A

The ASWMTF (and SWMTFA) Values as a Function of Symbol

· Subtense and Illuminance for the VFD at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of 0 deg -

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 34.5 27.1 20.9 17.7 15.6

(24.9) (20.5) (17.0) (14.5) (12.5)

10 29.9 23.8 18.3 15.5 13.5

(20.3) (17.4) (14.6) (12.5) (10.8)

50 21.8 17.4 13.4 11.3 9.9

(13.9) (11.9) (10.1) (8.8) (7.7)

100 16.6 13.3 10.2 8.6 7.5

(9.6) (8.5) (7.4) (6.4) (5.7)

APPENDIX A *25



Table 169

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the VFD at a Horizontal Viewing

Angle of L45 deg and a Vertical Viewing Angle of 15 deg _

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 - 30

0.5 33.0 25.8 20.0 16.9 14.7

(23.6) (19.4) (16.2) (13.7) (11.8)

10 29.4 23.2 17.9 15.1 13.1

(20.0) (17.1) (14.3) (12.2) (10.5)

50 20.6 16.4 12.6 10.6 9.2

(12.7) (11.2) (9.5) (8.3) (7.2)

100 15.5 12.4 9.5 8.0 6.9

(8.9) (7.8) (6.8) (6.0) (5.2)

A 426



Table 170

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the VFD at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 33.5 26.7 20.5 17.3 15.2

(23.8) (19.8) (16.7) (14.2) (12.2)

10 30.1 24.0 18.3 15.4 13.5

(20.4) (17.5) (14.7) (12.6) (10.9)

50 21.3 17.2 13.2 11.1 9.7

(13.5) (11.6) (9.9) (8.6) (7.6)

100 15.5 12.7 9.7 8.1 7.1

(8.8) (7.8) (6.8) (6.0) (5.4)

APPENDIXA427



Table 171

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LCD at a Horizontal Viewing

Angle of O deg and a Vertical Viewing Angle of O deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 · 30

0.5 18.9 14.6 11.6 9.6 8.3

(14.9) (11.0) (8.4) (7.3) (6.4)

10 23.1 18.1 14.6 12.2 10.7

(18.3) (13.5) (10.6) (9.2) (8.1)

50 23.2 18.2 14.6 12.1 10.5

(18.5) (13.6) (10.7) (9.2) (8.1)

100 22.9 17.7 14.1 11.6 10.1

(18.4) (13.5) (10.5) (9.0) (7.8)

APPENDIX A **28



Table 172

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LCD at a Horizontal Viewing

Angle of O deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 1327 10.6 8.4 7.0 6.0

(9.9) (7.5) (6.1) (5.0) (4.4)

10 23.9 18.8 15.1 12.6 11.0

(19.0) (14.0) (11.0) (9.6) (8.4)

50 23.0 18.0 14.5 12.0 10.5

(18.3) (13.5) (10.6) (9.2) (8.0)

100 24.3 18.7 15.1 12.5 10.8

(19.5) (14.3) (11.2) (9.6) (8.4)

APPENDIX A. 429



Table 173

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LCD at a Horizontal Viewing

Angle of L45 deg and a Vertical Viewing Angle of O deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

. 0.5 3.2 2.4 1.9 1.6 1.4

(1.6) (1.3) (1.2) (1.0) (0.9)

10 10.0 7.3 5.7 4.7 4.1

(6.7) (5.3) (4.3) (3.6) (3.1)

50 15.0 11.2 8.8 7.3 6.4

(10.6) (8.5) (6.6) (5.6) (4.8)

100 16.0 11.9 9.4 7.8 6.8
(12.2) (9.2) (7.1) (5.9) (5.1)

APPENDIX A ‘3°



Table 174

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LCD at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of O deg -

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 3.6 2.7 2.2 1.8 1.6

(1.8) (1.7) (1.3) (1.2) (1.0)

10 7.9 5.9 4.6 3.8 3.4

(5.2) (4.1) (3.4) (2.8) (2.3)

50 12.0 9.2 7.2 6.0 5.3

(8.2) (6.7) (5.2) (4.4) (3.7)

100 13.6 10.2 8.2 6.8 6.0

(9.6) (7.7) (6.0) (5.0) (4.3)

APPENDIX A 431



Table 175

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LCD at a Horizontal Viewing

Angle of L45 deg and a Vertical Viewing Angle of 15 deg _

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 , 30

0.5 4.3 3.1 2.5 2.1 1.8

(2.2) (1.9) (1.6) (1.4) (1.2)

10 11.4 8.3 6.6 5.5 4.8

(7.5) (6.2) (4.8) (4.1) (3.5)

50 18.3 13.4 10.8 9.0 7.8

(13.3) (10.1) (8.2) (6.8) (5.8)

100 19.0 14.0 11.2 9.4 8.0

(14.4) (10.8) (8.6) (7.0) (6.1)

APPENDIXA432



Table 176

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the LCD at a Horizontal Viewing

Angle of R45 deg and a Vertical Viewing Angle of 15 deg .

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 3.6 2.6 2.2 1.8 1.5

(1.8) (1.7) (1.4) (1.2) (1.0)

10 11.4 8.5 6.7 5.6 5.0

(7.7) (6.3) (4.9) (4.2) (3.5)

50 12.9 9.5 7.6 6.5 5.6

(8.2) (6.8) (5.6) (4.7) (4.0)

100 15.1 11.2 9.0 7.5 6.6

(11.2) (8.5) (6.8) (5.6) (4.8)

APPENDIX A 433



Table 177

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the HTLCD at a Horizontal

Viewing Angle of O deg and a Vertical Viewing Angle of .

0 deg

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 18.8 14.4 11.5 9.5 8.3

(14.8) (11.0) (8.4) (7.2) (6.3)

10 17.8 13.9 11.1 9.3 8.2

(13.8) (10.3) (7.9) (6.8) (6.0)

50 18.0 14.1 11.3 9.5 8.3

(14.0) (10.4) (8.0) (6.9) (6.0)

100 18.0 14.1 11.3 9.5
8.3”

(14.0) (10.4) (8.0) (6.9) (6.0)
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Table 178

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the HTLCD at a Horizontal

Viewing Angle of O deg and a Vertical Viewing Angle of .

15 deg

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 7.5 5.8 4.6 3.8 3.3

(4.6) (4.0) (3.1) (2.6) (2.2)

10 20.0 15.6 12.4 10.4 9.1

_ (15.7) (11.6) (8.9) (7.7) (6.8)

50 20.9 16.4 13.1 10.9 9.5

(16.5) (12.2) (9.4) (8.1) (7.1)

100 20.9 16.4 13.1 10.9 9.5

(16.5) (12.2) (9.4) (8.1) (7.1)
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Table 180

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the HTLCD at a Horizontal

Viewing Angle of R45 deg and a Vertical Viewing Angle of .

0 deg

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 3.4 2.5 2.0 1.7 1.5

(1.4) (1.3) (1.2) (1.1) (0.9)

10 5.8 4.2 3.2 2.7 2.3

(3.2) (2.8) (2.4) (2.0) (1.7)

50 10.3 7.5 5.8 4.8 4.2

(6.4) (5.4) (4.4) (3.7) (3.2)

100 10.3 7.5 5.8 4.8 4.2

(6.4) (5.4) (4.4) (3.7) (3.2)
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Table 181

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the HTLCD at a Horizontal

Viewing Angle of L45 deg and a Vertical Viewing Angle of .

15 deg

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 3.7 2.7 2.2 1.8 1.6

(2.1) (1.8) (1.5) (1.2) (1.0)

10 19.0 14.2 11.1 9.3 8.2

(14.2) (10.8) (8.7) (7.0) (6.1)

50 21.0 16.0 12.7 10.6 9.3

(16.4) (12.2) (9.7) (8.0) (7.0)

100 21.1 16.1 12.8 10.6 9.4

(16.5) (12.3) (9.7) (8.1) (7.0)
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Table 182

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the HTLCD at a Horizontal

Viewing Angle of R45 deg and a Vertical Viewing Angle of .

15 deg

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 4.4 3.2 2.6 2.1 1.8

(2.4) (2.0) (1.7) (1.5) (1.3)

10 8.3 6.0 4.6 3.8 3.3

(5.1) (4.1) (3.4) (2.9) (2.5)

50 11.8 8.2 6.3 5.3 4.5

(7.5) (6.3) (5.1) (4.2) (3.6)

100 11.8 8.2 6.3 5.3 4.5

(7.5) (6.3) (5.1) (4.2) (3.6)
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Table 183

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the TFLCD at a Horizontal

Viewing Angle of O deg and a Vertical Viewing Angle of .

0 degi

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 24.7 19.2 15.6 13.0 11.3

(20.2) (14.6) (11.6) (10.0) (8.7)

10 17.3 13.5 11.0 9.1 7.9

(13.2) (10.0) (7.7) (6.7) (5.9)

50 14.1 11.0 8.9 7.4 6.4

(10.6) (8.1) (6.3) (5.2) (4.6)

100 15.9 12.2 9.7 8.0 6.9

(11.9) (9.2) (7.3) (5.9) (5.2)
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Table 184

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the TFLCD at a Horizontal

Viewing Angle of 0 deg and a Vertical Viewing Angle of -

15 deg

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 10.9 8.5 6.9 5.7 5.0

(8.0) (6.0) (4.8) (3.9) (3.5)

10 8.1 6.3 5.1 4.2 3.7

(5.4) (4.3) (3.4) (2.9) (2.4)

50 7.0 5.5 4.5 3.7 3.2

(4.5) (3.7) (2.9) (2.4) (2.1)

100 8.9 6.9 5.5 4.6 4.0

(6.0) (4.7) (3.9) (3.2) (2.8)
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Table 185

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the TFLCD at a Horizontal

Viewing Angle of L45 deg and a Vertical Viewing Angle of .

O deg

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 14.8 11.0 9.0 7.5 6.6

(9.9) (8.0) (6.5) (5.4) (4.7)

10 19.0 14.1 11.3 9.6 8.4

(13.0) (10.3) (8.5) (7.1) (6.1)

50 23.8 18.5 14.6 12.4 10.9

(16.0) (13.2) (11.1) (9.4) (8.2)

100 25.1 19.0 15.2 12.8 11.0

(17.2) (14.0) (11.6) (9.8) (8.5)
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Table 186

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the TFLCD at a Horizontal

Viewing Angle of R45 deg and a Vertical Viewing Angle of .

O

degAmbient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 16.2 12.0 9.9 8.3 7.2

(11.0) (8.8) (7.2) (6.0) (5.1)

10 18.1 13.6 10.9 9.2 8.1

(12.0) (9.9) (8.0) (6.8) (5.8)

50 24.0 18.4 14.6 12.4 10.9

(16.0) (13.2) (11.1) (9.5) (8.2)

100 23.5 18.4 14.6 12.3 10.8

(15.5) (13.1) (10.9) (9.4) (8.2)
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Table 187

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the TFLCD at a Horizontal

Viewing Angle of L45 deg and a Vertical Viewing Angle of -

15 deg

Ambient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 8.6 6.4 5.2 4.4 3.8

(5.2) (4.3) (3.5) (3.0) (2.6)

10 12.6 9.4 7.5 6.3 5.6

(7.8) (6.4) (5.4) (4.6) (3.9)

50 17.0 13.1 10.3 8.7 7.7

(10.4) (8.8) (7.5) (6.5) (5.6)

1
100 19.1 14.5 11.5 9.7 8.4

(12.3) (10.3) (8.6) (7.4) (6.4)
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Table 188

The ASWMTF (and SWMTFA) Values as a Function of Symbol

Subtense and Illuminance for the TFLCD at a Horizontal

Viewing Angle of R45 deg and a Vertical Viewing Angleof15

degAmbient Symbol Subtense (min)
Illuminance

(klx) 10 15 20 25 30

0.5 12.1 8.9 7.3 6.1 5.3

(7.5) (6.3) (5.2) (4.4) (3.8)

10 15.1 11.4 9.1 7.7 6.8

(9.6) (8.0) (6.5) (5.6) (4.8)

50 20.9 16.1 12.7 10.7 9.5 ·

(13.6) (11.3) (9.5) (8.1) (7.1)

100 19.0 15.3 12.4 10.2 9.1

(12.0) (10.1) (8.6) (7.5) (6.6)
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APPENDIX B

RESULTS OF THE IDENTIFICATION ACCURACY

PERFORMANCE MEASURE
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This section presents the ANOVA summary tables for the identification accuracy (ACC) per-

forrnance measure along with the results of the Newman-Keuls tests performed on the main effects.
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Table 189

Summary of ANOVA on ACC (percent correct) for the Age 18

to 30 Group

Source of Variance df MS F p

Subjects (S) 6 2.97

Display (D) 6 21.09 20.22 0.0001D x S 36 1.04
Symbol Subtense (SS) 4 24.42 8.24 0.0002SS x S 24 2.96
Illumination (I) 3 11.90 19.33 0.0001I x S 18 0.62
Horizontal Angle (H) 3 10.01 13.51 0.0008H x S 12 1.11
Vertical Angle (V) 1 31.37 110.79 0.0001V x S 6 0.28

D x SS 24 3.62 4.46 0.0001D x SS x S 144 0.81
D x I 18 13.70 33.83 0.0001D x I x S 108 0.40
D x H 12 27.36 49.25 0.0001D x H x S 72 0.55
D x V 6 20.09 70.57 0.0001D x V x S 36 0.28

SS x I 12 2.96 6.02 0.0001SS x I x S 72 0.49
SS x H 8 2.39 3.21 0.0053
SS x H x S 48 0.74
SS x V 4 0.83 6.52 0.0011SS x V x S 24 0.13

I x H 6 15.95 58.69 0.0001
I x H x S 36 0.27
I x V 3 8.99 60.14 0.0001
I x V x S 18 0.15

H x V 2 28.30 92.06 0.0001H x V x S 12 0.31

D x SS x I 72 2.10 6.52 0.0001
D x SS x I x S 432 0.32
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Table 189 (cont'd)

Summary of ANOVA on ACC (percent correct) for the Age 18

to 30 Group
”

Source of Variance df MS F p

D x SS x H 48 2.42 5.44 0.0001D x SS x H x S 288 0.44
D x SS x V 24 0.45 3.90 0.0001D x SS x V x S 144 0.11

D x I x H 36 7.79 40.69 0.0001D x I x H x S 216 0.19
D x I x V 18 7.44 42.75 0.0001D x I x V x S 108 0.17
D x H x V 12 19.80 59.84 0.0001
D x H x V x S 72 0.33

SS x I x H 24 1.63 7.14 0.0001”
SS x I x H x S 144 0.23
SS x I x V 12 0.17 1.14 0.3417
SS x I x V x S 72 0.15
SS x H x V 8 1.04 9.45 0.0001
SS x H x V x S 48 0.11

I x H x V 6 8.80 69.53 0.0001
I x H x V x S 36 0.13

D x SS x I x H 144 0.62 4.18 0.0001
D x SS x I x H x S 864 0.15
D x SS x I x V 72 0.21 2.00 0.0001D x SS x I x V x S 432 0.10
D x SS x H x V 48 0.71 5.53 0.0001
D x SS x H x V x S 288 0.13
D x I x H x V 36 6.69 39.33 0.0001
D x I x H x V x S 216 0.17

SS x I x H x V 24 0.21 2.65 0.0002SS x I x H x V x S 144 0.08

D x SS x I x H x V 144 0.26 2.80 0.0001
D x SS x I x H x V x S 864 0.09

Total 5879
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Table 190

Summary of ANOVA on ACC (percent correct) for the Age 50

to 70 Group

Source of Variance df MS F p

Subjects (S) 6 87.24

Display (D) 6 157.15 21.28 0.0001
D x S 36 7.38
Symbol Subtense (SS) 4 392.49 18.23 0.0001
SS X S 24 21.53
Illumination (I) 3 89.71 21.29 0.0001
I x S 18 4.21
Horizontal Angle (H) 3 12.35 5.41 0.0211
H x S 12 3.42
Vertical Angle (V) 1 144.76 40.25 0.0007
V x S 6 3.60

D X SS 24 27.34 13.19 0.0001
D X SS x S 144 2.07
D X I 18 118.26 29.23 0.0001
D X I X S 108 4.05
D X H 12 121.70 47.98 0.0001
D X H X S 72 2.54
D X V 6 53.56 52.64 0.0001
D x V x S 36 1.02

SS X I ‘
12 12.08 9.72 0.0001

SS X I X S 72 1.24
SS X H 8 40.58 16.73 0.0001
SS x H x S 48 2.43
SS X V 4 4.36 3.64 0.0187
SS X V X S 24 1.20

I X H 6 73.63 111.33 0.0001
I X H X S 36 0.66
I X V 3 27.91 48.34 0.0001
I X V X S 18 0.58

H X V 2 61.43 130.26 0.0001
H X V X S 12 0.47

D X SS X I 72 16.27 16.59 0.0001
D x SS x I x S 432 0.98

ABm~;Nmx B 450



Table 190 (cont'd)

Summary of the ANOVA on ACC (percent correct) for the Age 50

to 70 Group

Source of Variance df MS F p

D x SS x H 48 13.39 12.92 0.0001D x SS x H x S 288 1.04
D x SS x V 24 1.04 2.51 0.0004D x SS x V x S 144 0.41

D x I x H 36 17.96 35.51 0.0001D x I x H x S 216 0.51
D x I x V 18 13.85 27.54 0.0001D x I x V x S 108 0.50
D x H x V 12 43.56 68.47 0.0001
D x H x V x S 72 0.64

SS x I x H 24 5.03 7.49 0.0001SS x I x H x S 144 0.67
SS x I x V 12 0.46 1.43 0.1709SS x I x V x S 72 0.32
SS x H x V 8 0.68 1.88 0.0845SS x H x V x S 48 0.36

I x H x V 6 18.50 35.50 0.0001
I x H x V x S 36 0.52

D x SS x I x H 144 2.37 4.86 0.0001
D x SS x I x H x S 864 0.49
D x SS x I x V 72 0.50 2.02 0.0001
D x SS x I x V x S 432 0.25
D x SS x H x V 48 0.69 2.67 0.0001
D x SS x H x V x S 288 0.26
D x I x H x V 36 10.16 17.11 0.0001
D x I x H x V x S 216 0.59

SS x I x H x V 24 0.33 0.83 0.6877
SS x I x H x V x S 144 0.40

D x SS x I x H x V 144 0.48 1.57 0.0001
D x SS x I x H x V x S 864 0.30

Total 5879
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Table 191

Newman-Keuls Test on the Main Effect of Display on ACC

(percent correct) for the Age 18 to 30 Group

-

MSE = 0.0104 df = 36 N = 840 Alpha = 0.05

Number of Means: 2 3 4 5 6 7
Critical Range: 0.010 0.012 0.013 0.014 0.015 0.016

Mean Display Grouping*

0.9983 LED A

0.9957 TFLCD A B

0.9925 VFD A B C

0.9876 SIM A B C

0.9827 LCD B C

0.9800 HTLCD C

0.9514 RCP D

*Displays with the same letter are not significantly

different.

Armawmx B 452



Table 192

Newman—Keuls Test on the Main Effect of Display on ACC

(percent correct) for the Age 50 to 70 Group

MSE = 0.0738 df = 36 N = 840 Alpha = 0.05

Number of Means: 2 3 4 5 6 7
Critical Range: 0.027 0.032 0.036 0.038 0.040 0.041

Mean Display
l

Grouping*

0.9901 VFD A

0.9816 LED A

0.9755 TFLCD A

0.9318 SIM B

0.9312 HTLCD B

0.9276 LCD B

0.8658 RCP C

*Disp1ays with the same letter are not significantly

different.
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Table 193

Newman-Keuls Test on the Main Effect of Symbol Subtense

(min) on ACC (percent correct) for the Age 18 to 30 Group

.......................................................;... -

MSE = 0.0296 df = 24 N = 1176 Alpha = 0.05

Number of Means: 2 3 4 5

Critical Range: 0.0146 0.0177 0.0196 0.0209

Mean Subtense Grouping*

0.9935 30 A

0.9918 25 A

0.9908 20 A

0.9852 15 A

- 0.9589 10 B

*Subtenses with the same letter are not significantly

different.
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Table 194

· Newman-Keuls Test on the Main Effect of Symbol Subtense

(min) on ACC for the Age 50 to 70 Group

MSE = 0.2153 df = 24 N = 1176 Alpha = 0.05

Number of Means: 2 3 4 5

Critical Range: 0.039 0.048 0.053 0.056

Mean Subtense Grouping*

0.9821 30 A

0.9762 25 A

0.9691 20 A

0.9464 15 A

0.8429 10 B
”

*Subtenses with the same letter are not significantly

different.
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Table 195

Newman-Keuls Test on the Main Effect of Illuminance (klx)

on ACC (percent correct) for the Age 18 to 30 Group

MSE = 0.00616 df = 18 N = 1470 Alpha = 0.05

Number of Means: 2 3 4 »

Critical Range: 0.0061 0.0074 0.0082

Mean llluminance Grouping*

0.9951 10 A

0.9842 50 B

0.9839 0.5 B

0.9730 100 C

*Illuminances with the same letter are not significantly

different.
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Table 196

Newman-Keuls Test on the Main Effect of Illuminance (klx)

on ACC (percent correct) for the Age 50 to 70 Group

MSE = 0.0421 df = 18 N = 1470 Alpha = 0.05

Number of Means: 2 3 4

Critical Range: 0.0159 0.0193 0.0214

Mean Illuminance Grouping*

0.9727 10 A

0.9473 50 B

0.9408 0.5 B

0.9126 100 C

*Illuminances with the same letter are not significantly

different.
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Table 197

Newman-Keuls Test on the Main Effect of Horizontal Angle

(deg) on ACC (percent correct) for the 18 to 30 Group

MSE = 0.01112 df = 12 N = 1960 Alpha = 0.05

Number of Means: 2 3

Critical Range: 0.0073 0.0089

Mean Angle Grouping*

0.9924 L45 A

0.9849 R45 B

0.9749 0 C

*Angles with the same letter are not significantly different.
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Table 198

Newman-Keuls Test on the Main Effect of Horizontal Angle

(deg) on ACC (percent correct) for the 50 to 70 Group

MSE = 0.03421 df = 12 N = 1960 Alpha = 0.05

Number of Means: 2 3

Critical Range: 0.0128 0.0157

Mean Angle Grouping*

0.9545 L45 A

0.9392 R45 B

0.9364 0 B

*Angles with the same letter are not significantly different.
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APPENDIX

CINSTRUCTIONSAND EXPERIMENTAL FORMS
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This section contains copies of the forms and instructions used in the performance measurement

experiment. The first form is a copy of the Inform Consent Form. The second form is the set of

instructions relevant to the numeral identification task. The third form is a copy of the legibility

ratings sheet and the last form is a copy of the overall display legibility ranking form.
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PARTICIPANT’S INFORMED CONSENT FORM

The purpose of this document is to inform you of your rights as a subject, describe the nature

and requirements of the experiment, and obtain your consent to participate in this experiment.

This research is being conducted by the Human Factors Engineering Center of the Department

of Industrial Engineering and Operations Research by Dr. Harry L. Snyder and James J. Reger.

The purpose of this experiment· is to exarnine the efl“ect(s) of various viewing conditions and

display characteristics on the legibility of numerals. Participation in the experiment is entirely vol-

untary. If you decide to participate, you will be requested to perfonn a simple numeral identifica-

tion task during daily experimental sessions for seven consecutive days.

On the first day, you will be given a brief introduction to the experiment and trained to perform

the numeral identification task. Each of the daily sessions will be from 2 to 2.5 hr long and the

entire experiment is expected to require a total of 18 hr to complete. You will be paid $5.00 per

hour for the time that you are present. Upon completion of all seven sessions you shall receive a

$10.00 bonus for completing the experiment (for a total of approximately $100.00).

Your rights as a participant are described below.

You have the right to withdraw from the experiment at any time for any reason. If you decide

to terminate your participation, please inform the experimenter immediately and you shall be paid

for the time you have spent as a participant.

You have the right to see your data and withdraw it from the experiment if you so desire. If

you decide to withdraw your data, please inform the experimenter immediately. Otherwise, iden-
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tification of your data will not be possible since it is separated from the participant’s identity in

order to insure anonymity.

You have the right to be informed of the overall results of the experiment. If, after participation,

you wish to receive a brief synopsis of the results, please include youraddress (three months hence)
I

with your signature below. If you desire more detailed information after receiving the synopsis,

please contact the Human Factors Engineering Center and a more complete report will be made

available to you.

Remember, at any time during the experiment, you are free to ask the experimenter questions.

However, if a particular question might bias the outcome of the experiment, the answer may be

delayed until after the end of your data collection.

Your participation is greatly appreciated and we hope that you will find the experiment a

pleasant and interesting experience. If you have any questions about the experiment or your rights

· as a participant, please do not hesitate to ask. Should any further questions or problems arise, you

may contact the principal investigators, Dr. H. L. Snyder (231-7527) and J. J. Reger (231-5499),

or Charles D. Waring, Chairman of the Institutional Review Board (231-5284).

Your signature below indicates that you have read and understand your above stated rights as

a participant, and that you consent to participate in this experiment.

Signature „
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INSTRUCTIONS for NUMERAL IDENTIFICATION TASK

This is an experiment examining the effects of illumination and viewing angles on the legibility

of numerals. You are required to perform a simple numeral identification task in which numerals

are presented on different types of displays under various viewing conditions.
i

At the beginning of each daily session, your chair will be adjusted so that you are seated at the

appropriate eye height. The response button box should be located so that you can reach it

comfortably with your fmger when seated properly in the chair.

During each daily session, you will perform five separate subsessions. Each subsession will in-

volve the relocation of your chair at a different viewing distance from the display. During each

subsession, the viewing angles and illumination of the display will be changed and you will perform ·

a block of task trials for each viewing arrangement. There will be a very short break between each

block of trials and about a five minute break between each of the five subsessions.

Please remember: it is important that you keep your eyes focused on the black center of the

display area throughout each of the subsessions while both the illumination and viewing conditions

are changed. Although some of the illumination conditions may appear very bright at first, this

will pass quickly as your eyes adjust.

In addition, while perforrning the numeral identification task, please remember that it is im-

portant that you do not squint, move your head about, or leon forward in your chair. Attempt to

remain relaxed and sit upright, with your back against the chair. If you are uncomfortable, please

inform the experimenter and your chair will be adjusted.

NUMERAL IDENTIFICATION TASK

For each trial of the identification task, you will control when and for how long the numerals

are displayed by depressing and holding down the trigger button attached to your chair. Depressing
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the button immediately displays the numerals and releasing the button removes them from the

display. The longer you keep the response button depressed, the longer the numerals will be dis-

played.

Your task is to identify the displayed numerals as accurately and as quickly as possible. BOTH

ASPECTS OF THE TASK ARE IMPORTANT. After reading the numerals and then removing

them from the display (by releasing the trigger button), you are to repeat the numerals out loud to

the experimenter. Please state them in the exact order you saw them, reading from left to right.

Four numerals will be displayed on each of the task trials. Four
8’s

will appear briefly and then

the display will go blank when you release the response button. Please wait until after the display

has gone blank before you tell the experimenter the four numerals you saw. Do not read them out

loud while they are displayed.

. The experimenter will enter the numerals you report into the computer. The next trial will be

readied and you will be prompted by a tone for the next trial.

Under some conditions, you may have difticulty in identifying some of the numerals displayed.

lf this occurs, don’t worry. Simply do the best you can. On such occasions, after the display has

gone blank, tell the experimenter what numerals you thought you saw and indicate any unknown

numerals as "blar1k" or "couldn’t see it". (As an example: "three, two, blank, four").

QUICK REMINDERS

l. Depress the response button firmly when beginning a trial.

2. Wa.it three seconds after you hear the signal tone to begin the next trial.

APPENDIX C
465” l



3. As soon as you can identify each of the four numerals, end the trial by releasing the response

button. When the display has gone blank, tell the experimenter the four numerals you saw

during the trial.

4. Remember, you are requested to view and identity the numerals as accurately and quickly as
i

possible. Please report them in the order they appeared, from left to right.

Do you have any questions?

If you have no further questions, we will begin with some training trials.

APPENDIX C 466



LEGIBILITY RATING

PLEASE CHOOSE ONE ADJECTIVE FROM THE LIST BELOW THAT BEST _

DESCRIBES THE LEGIBILITY OF THE NUMERALS AS PRESENTED ON THE

DISPLAY. PLEASE INFORM THE EXPERIMENTER OF YOUR SELECTION.

THE ADJECTIVES ARE:

BEST IMAGINABLE
l

EXCELLENT

GOOD

OK

PASSABLE

MARGINAL

POOR

AWFUL

WORST IMAGINABLE
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OVERALL LEGIBILITY RANKING

PLEASE RANK THE SEVEN (7) DIFFERENT DISPLAYS YOU HAVE

SEEN ACCORDING TO OVERALL LEGIBILITY. BEGINNING WITH THE

NUMBER 1, FILL IN THE CORRECT LETTER CODE FOR THE DISPLAY
A

WITH THE BEST OVERALL LEGIBILITY AND FINISH WITH THE NUMBER

7 FOR THE DISPLAY WITH THE WORST OVERALL LEGIBILITY. PLEASE

REFER TO THE PHOTOGRAPHS OF THE DISPLAYS FOR THE CORRECT

ASSIGNED ALPHAMERIC.

BEST OVERALL
LEGIBILITY: 1. ___________

2.3.

1li

4.

5. ;__i

6.

WORST OVERALL
LEGIBILITY: 7. ________....
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