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FOREWORD

This guide is intended to serve as a source of basic data for display engineers on
human capabilities and performance as related to the visual display characteristics of
CRT and other displays. Its primary purpose is to acquaint visual display engineers with
what is currently known about the relation between observer characteristics and various
types of display applications. The reader is assumed to have a knowledge of the
engineering fundamentals and scientific principles related to display design; hence, no
detailed discussion of these matters is provided.

The presentation is based on earlier effort by Meister and Sullivan (1969). The
material is presented in as succinct and explicit a manner as possible with discussions
limited to the substance of the particular problem or subject. Where recommendations
are offered, they tend to represent the level that will optimize human performance in the
system.
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SUMMARY
Problem

Many major Navy systems are developed without the aid of human factors engineer-
ing (HFE) advice and data. As a result, these systems are difficult to operate, are prone
to personnel error, and have reduced operational effectiveness. One of the reasons
project managers and design engineers are reluctant to utilize HFE inputs is that they do
not have ready access to HFE data in a simple format suitable for the nonspecialist.

Objective

The overall objective of the project for which this guide was developed is to create
an HFE data retrieval support system for managers and designers that will facilitate their
use of HFE data. The objective of this guide is to provide this HFE data retrieval support
system in the area of cathode ray tube (CRT) and advanced display systems.

Approach

The relevant display literature from around 1944 to the present was reviewed.
Available human performance data and information on factors affecting human perfor-
mance with CRT and advanced electronic displays (e.g., forward looking infrared radar,
low-light level TV, plasma displays) were extracted from the literature and reformatted
to satisfy the needs of managers, designers, and HFE specialists.

Findings

This handbook updates the available human performance data relevant to CRT and
advanced displays in the following areas:

Section 1. Introduction and Approach to Display Design and Selection.
Section 2. Visual Display Parameters.

Section 3. CRT Display Systems: Plan-Position-Indicator (PPI) Displays.
Section 4. CRT Display Systems: Television Displays.

Section 5. Selection of New Display Technologies.

Section 6. Target Acquisition Imaging Systems.

Section 7. Matrix Displays.

Section 8. Coding of Symbols.

Section 9. Environmental Effects.
Section 10. Operational Performance Data.

Conclusions and Recommendations

The present volume is a compendium of human performance data on electronic
displays. It is recommended that this volume be provided managers and designers in all
system development or acquisition projects making use of such displays.

vii
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INTRODUCTION AND APPROACH TO DISPLAY DESIGN AND SELECTION



1.0 INTRODUCTION AND APPROACH TO DISPLAY DESIGN AND SELECTION
1.1 Purpose

The purpose of this data base is to supply display engineers and project
managers with basic data describing human capabilities and performance in relation to
cathode ray tube (CRT) and new display systems.

1.2 Approach to Display Design

In specifying the display characteristics for a particular system application, it
is assumed that certain basic system decisions have already been made. For example,
after the system objectives, system functions, man-machine tasks, human operation
information and control requirements, and display system design concepts have been
established, the detailed definition of the physical characteristics of the display are still
needed.

Many displa); characteristics affect operator performance; some are more
important than others. Meister and Sullivan (1969) felt that the following eight
characteristics that apply only to CRTs are critically important:

Frame rate.

Contrast ratio.
Ambient illumination.
Target/symbol size.
Resolution.
Bandwidth.
Registration.
Phosphor type.

TRe a0 g

These characteristics will be discussed in greater detail. Other parameters that have an
effect (however small) on operator performance, which will also be discussed in
subsequent sections, are type of display (e.g., FLIR, LLLTV), display size and shape,
screen color and brightness, stimulus number and density, number of individual displays to
be monitored, frequency of stimulus presentation, character line spacing and luminance,
stroke height/width ratio, character font and color, image polarity, viewing distance,
percent active area, and screen orientation. All terms are defined in Section 2.

The exact priority of each parameter and the specific result of their interrela-
tionships is a function of the individual display application. The relationships described
herein are generalized models; the engineer must make appropriate substitutions for his
particular situation. An approach to display selection in which the displays being
considered are the more advanced types is presented in Section 5.

1.2.1 Display Design--Single Viewer Case

1.2.1.1 Frame Rate. The determination of frame rate, refresh rate, or regeneration
rate for a given display is probably the most important aspect of display design in today's
computer-linked display systems. Frame rate for a given display is a function of the
following (see Figure 1):

a. Volume of information per frame.
b. Ambient illumination.

1-1



c. Phosphor.

d. System storage capacity.

e. System write/erase speed.

f. Bandwidth.

g. Display control techniques. X
INFORMATION VOLUME >
AMBIENT ILLUMINATION >
PHOSPHOR >
SYSTEM STORAGE CAPACITY ——— FRAME RATE
WRITE/ERASE SPEED >
BANDWIDTH ”
DISPLAY CONTROL TECHNIQUE —

Figure 1. Factors affecting frame rate.

Conversely, specifying a particular frame rate directly affects the following (see Figure
2)

a. Flicker (the presence or absence of).
b. Bandwidth.

c. Resolution.

d. Phosphor.

It indirectly affects the following:

a. Ambient illumination.
b. Display brightness.

In practice, where information density is not high, phosphor is the main
determinant of frame rate; where information density is high, the storage capacity and
system write/erase speed limit frame rate.

Frame rate is an important consideration from the human factors point of view
because it is the primary determinant of whether or not flicker (see paragraph 2.1.j)
occurs. The effect of flicker upon the observer can range from distracting through
annoying to actually debilitating. The critical flicker frequency (CFF) for a given display
is set by the frame rate of the display, but the effect of frame rate can be attenuated to
a certain extent by the control of ambient illumination and/or display brightness.

1-2
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—> FLICKER

—> BANDWIDTH

FRAME RATE ' —> RESOLUTION

> PHOSPHOR

> AMBIENT ILLUMINATION

—> DISPLAY BRIGHTNESS

Figure 2. Factors directly affected by a specific frame rate.

1.2.1.2 Contrast Ratio and Ambient Illumination. The establishment of the optimum
contrast ratio for a given display is irrevocably linked to the ambient illumination in
which the display will operate. Although the range of brightness over which the human
eye adapts is very large, perhaps 200:1, the minimum contrast ratio required for the
operational discrimination of two adjoining areas on a display is about 2:1 (Bryden, 1969).
Military standards normally specify 10:1 as the minimum acceptable contrast ratio.

Contrast ratio and ambient illumination are affected by the following (see
Figure 3)

a. Display brightness
b.  Symbol brightness
C. Ambient brightness
d. Phosphor

e. Type and nature of ambient light source.

f. Viewing geometry.

8. Presence or absence of shields, filters, etc.

and their interrelationships.

In turn, these factors have a direct effect upon (see Figure 4):

Resolution.
Phosphor.

Display brightness.
Viewing geometry.

Ga (Y SR
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DISPLAY BRIGHTNESS

SYMBOL BRIGHTNESS

AMBIENT BRIGHTNESS

7

- PHOSPHOR

A

CONTRAST RATIO

TYPE AND NATURE OF
AMBIENT LIGHT SOURCE

v

AND
AMBIENT ILLUMINATION

VIEWING GEOMETRY

PRESENCE OR ABSENCE

OF SHIELDS, FILTERS, ETC. ——>

Figure 3. Factors affecting contrast ratio and ambient illumination.

CONTRAST RATIO
‘ AND
AMBIENT ILLUMINATION

———>RESOLUTION
——>DISPLAY BRIGHTNESS
—> PHOSPHOR

> VIEWING GEOMETRY

Figure 4. Factors directly affected by contrast ratio and ambient illumination.
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The incidence of ambient illumination (either specular or diffused) upon the
face of a display very often results in loss of contrast. To compensate for this loss of
contrast, the designer must either increase the contrast ratio in the display or control the
incidence of ambient illumination either directly or by using attenuating, directional, or
polarizing filters.

1.2.1.3  Symbol Characteristics. The legibility of symbols and alphanumeric characters
is a function of the following designer controlled factors (see Figure 5):

Viewing geometry.
Resolution. _

Registration accuracy.
Method of symbol generation.
Symbol style.

Symbol aspect ratio.
Bandwidth,

Line spacing.

TR 0T

The symbol characteristics delineated by these factors directly affect the following
display characteristics:

Resolution.

Display brightness.
Contrast ratio.
Viewing geometry.
Write/erase speed.
Storage capacity.

Line spacing.
Registration accuracy.

PR U0 @0 g

VIERING GEOMETRY —>

RESOLUTION

REGISTRATION ACCURACY —

METHOD OF SYMBOL GENERATION ———
SYMBOL

SYMBOL STYLE » CHARACTERISTICS

SYMBOL ASPECT RATIO —>

LINE SPACING z

BANDWIDTH >

Figure 5. Designer controlled factors affecting legibility of symbols
and alphanumeric characters.
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As the display characteristics affecting symbol characteristics (see Figure 6)

depart from what is defined as optimum, in terms of human performance, two discrete but
related effects can be expected.

—>RESOLUTION

>DISPLAY BRIGHTNESS

—>CONTRAST RATIO

SYMBOL = VIEWING GEOMETRY
CHARACTERISTICS

—>WRITE/ERASE SPEED

—>STORARGE CAPACITY

—> | INE SPRCING

—>REGISTRATION ACCURACY

Figure 6. Display characteristics affecting symbol characteristics.

a. Confusion. Confusion is known to occur with certain alphanumeric formats
even under optimum display conditions. As the display characteristics listed in Figure 6
are modified to less than optimal in the course of satisfying system design requirements,

the confusion ratio, especially with regard to complex groupings of special symbols, will
rise,

b.  Clutter. One of the major problems presented by today's display systems is
simply the overabundance of information being presented at any one time. At an earlier
time, the primary problem was to distinguish information or "real" returns from noise
(stil a problem in some types of systems). Today, the problem is being able to
discriminate the required information from the masses of data that have no relevance to
the task at hand. This unwanted or unused data is referred to as clutter.

The problem for the display engineer is to determine which data should be
displayed to whom and when and, of course, how to implement these determinations. This
is a system-dependent and, hence, a human-operator-task dependent problem that can
only be solved by specific analysis of information requirements which, in turn, usually
requires empirical simulation for exact operational solution.

1-6
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1.2.1.4  Resolution. Resolution has no simple or agreed-upon definition; rather its
definition is a function of the type of display, its method of generation, and, often, the
training of the people involved in the design process. Resolution is variously defined by:

a. Size of a focused electron beam spot on the phosphor screen.

b. Seconds of arc, the angular measure of the smallest observable spot in a
given pattern. ‘

c. Graininess, the irreducible size of the display medium grain.

‘d. Lines per unit distance.
For a given display, type the resolution achieved is a function of (see Figure 7):

Frame rate,

Contrast ratio.
Registration.

Phosphor,

Symbol characteristics.
Bandwith.

Display brightness.
Viewing geometry.

o R R N oA

FRAME RATE —>

CONTRAST RATIO —>

REGISTRATION >

PHOSPHOR >

RESOLUTION

SYMBOL CHARACTERISTICS

BANDWIDTH >

DISPLAY BRIGHTNESS >

VIEWING GEGMETRY >

Figure 7. Factors affecting type of resolution achieved.

In turn, the type of resolution achieved directly aﬁects (see Figure 8):

a. Bandwidth.

b. Phosphor.

c. Registration.

d. Symbol characteristics.
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> BANDWIDTH
- ———> PHOSPHOR
RESOLUTION

——>REGISTRATION

————>S5YMBOL CHARACTERISTICS

Figure 8. Factors affected by resolution achieved.

Within the limits described above, the resolving capability of the human eye
determines minimal resolution levels for the display; optimum human performance is

achieved when symbols resolve between 12 to 15 minutes of arc and/or between 10 to i2
lines.

The amount of detail that can be displayed on a CRT dispiay is essentially
independent of display size. For example, equal levels of resolution can be achieved in all
sizes of CRTs if one is prepared to accept the costs of very high accelerating potentials
on the one hand or extreme deflection angles on the other. .

1.2.1.5  Bandwidth. Frame rate and resolution influence bandwidth (see Figure 9),
which, in turn, influences the following display characteristics (see Figure 10):

a. Resolution.
b. Frame rate.
c. Symbol characteristics.

If one of the constraints imposed upon the display design is a restricted
bandwidth, establishing a frame rate within that bandwidth for the efficient, flicker-free
display of required information becomes the problem. As the frame rate increases, the

number of resolution elements or characters that can be displayed decreases for a given
time interval in a given bandwidth. .



FRAME RATE

BANDWIDTH

RESOLUTION

Figure 9. Bandwidth influences.

BANDWIDTH

>RESOLUTION

>FRAME RATE

———> SYMBOL CHARRCTERISTICS

Figure 10. Display characteristics influenced by bandwidth,
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1.2.1.6  Registration. As information density and the use of preformatted textual,

multicolor, and complex overlaid displays increase, the accuracy with which a target,
symbol, or block of information can be positioned on a display becomes more and more
important. Registration accuracy is determined by (see Figure 11):

a. Resolution.

b. Symbol characteristics.

c. Display hardware (gun type, deflection technique, etc.).
d. Programming accuracy (in computer driven displays).

RESOLUTION -

SYMBOL CHARRACTERISTICS ———>
REGISTRATION

DISPLAY HARDWARE >

PROGRAMMING >

Figure 11. Factors determining accuracy of registration.

Registration accuracy directly impacts on (see Figure 12):

a. Resolution,

b. Symbol characteristics.
c. Display hardware.

d. Programming accuracy.

Registration is extremely critical in color displays. Misregistration can result
in the wrong color being displayed, is very annoying to the operator, and degrades
operator performance,

While most displays are capable of registration accuracy of .1 percent of
screen width, system requirements may not require such a close tolerance; however, to

achieve acceptable human performance, 30 percent of stroke width seems to be an
acceptable value,
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[——>RESOLUTION
———> SYMBOL CHARACTERISTICS
REGISTRATION

—> DISPLAY HARDWARE

> PROGRAMMING

Figure 12. Factors affected by registration.

1.2.1.7  Phosphor Type. The designer of CRT displays is primarily interested in the
screen efficiency, decay time, and color of the phosphor. From the human factors
viewpoint, the latter two have a direct effect upon human performance.

Decay time, or persistance, is directly related to the CFF of a display and thus
is directly related to the required frame rate. The persistance of a display needs to be
sufficient for observation, but not enough to cause the appearance of smears and ghosts
from previously displayed information. For visual purposes, short-persistance phosphors
are used for high repetition rates, slow trace or spot movements; medium-persistance
phosphors, for general display applications; long-persistance phosphors, for radar and
sonar applications where the picture is refreshed infrequently. Phosphors emitting in the
middle of visible spectrum are preferable to those emitting at the blue end of the
spectrum, due to human visual capabilities.

Phosphor selection is affected by the following (see Figure 13):

a. Resolution.
b. Display brightness.
c. Ambient illumination.

It directly affects the following factors (see Figure 14):

. Resolution.
Contrast ratio.
Frame rate.
Write/erase speed.

poTe
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RESOLUTION —>

DISPLAY BRIGHTNESS > PHOSPHOR

AMBIENT ILLUMINATION ——

Figure 13. Factors affecting phosphor selection.

—>RESOLUTION

—> CONTRAST RATIO

PHOSPHOR

—>FRAME RATE

—>WRITE/ERASE SPEED

Figure 14. Factors affected by phosphor selection.



1.2.2 Display Design--Group Viewing Case

Almost every command and control system requires that, in addition to displays
for the single operator, displays be provided for group viewing. The critical display
characteristics that affect human performance in a group viewing situation are identical
to those just described for the single viewer, although the specific parameter values may
differ.

The most important parameter in the group viewing case, is the effect of
viewing angle upon the performance of the group personnel. This is true only when
viewing distance is normal for console operators (e.g., 16 to 28 inches).

Viewing angle or viewing geometry is defined as the relationship between the
display configuration and the audience space for that display. Viewing geometry for a
particular display is a function of (see Figure 15)

a. Room dimensions.
b. Ambient illumination.
c. Symbol characteristics.
d. Audience size.
e. Audience configuration.
ROOM DIMENSIONS —>

AMBIENT ILLUMINATION — —

VIEWING
SYMBOL CHARACTERISTICS —> GEOMETRY

RUDIENCE SIZE —>

RUDIENCE CONFIGURATION —

Figure 15. Factors affecting the viewing geometry for a particular display.
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Viewing geometry angle directly affects the following (see Figure 16):

Room dimensions,
Audience size.
Audience configuration.
Ambient illumination.
Display brightness.
Resolution.

Symbol characteristics.

@pap o

[——>ROOM DIMENSIONS
—>RUDIENCE SIZE

VIEWING ——>RAUDIENCE CONFIGURATION
GEOMETRY
—>AMBIENT ILLUMINATION
— > DISPLAY BRIGHTNESS
—>RESOLUTION

[ > SYMBOL CHARACTERISTICS

Figure 16. Factors directly affected by viewing geometry.

In considering the question of viewing angle or viewing geometry of a display
system designed for group viewing, the designer must address three separate questions.

a. How much information can/should the display convey?
b. How large an audience can/or must it serve?

C. How should the audience and display be arranged for maximum efficiency?

Keep in mind, that while group interaction is limited by small screen size; it is
not necessarily increased by increasing screen size. Taking the deterioration of legibility
due to both distance and oblique viewing into account, individual symbols must be large
enough to be legible from a distance equal to the screen diagonal. This limits the display's
capacity and requires the system designer to select an audience configuration that
maximizes display utility. It also requires the display designer to structure formats and

coding methods, and to select symbols that maximize the utility of the reduced display
capacity (Luxenberg & Bonness, 1965).
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The characteristics of effective displays and operator/display interactions are

illustrated in Tables 1 and 2. The relative importance of display parameters and the
availability of knowledge about these parameters are shown in Table 3 (taken from
Shurtleff, 1980). Admittedly, there is a certain amount of subjectivity in all these
judgments.

Table 1

Characteristics of Effective Displays

D =W N -
P e e e

0o

10.
11.
12.
18-
14,

I5.

Individual characters highly legible.
Meaningful groups of characters (e.g., words) easily recognizable.

Weak signals detectable at all display range scales.

L Characters'readily discernible from each other.

Display can be viewed equally well at any required \)iewing angle.

Minimum loss of signal detectability at long and short ranges.

Minimum fall-off in screen/scope brightness.

Maximum contrast.

Minimum image distor tion.

Fastest possible observer response time, where time is a factor in efficiency.
Highest possible observer accuracy in performing visual function.

No or very slight flicker.

Display can be viewed efficiently in entire operating range of ambient illumination.

Minimum equipment delay in responding to user's request for display (as in informa-
tion-retrieval system).

Display parameters (e.g., brightness) adjustable by the user.
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Physical Parameters of Symbol Displays

Table 3

(Adapted from Shurtleff, 1980)

Display Parameters

Importance

Availability of

Technical
Knowledge

Major

, Secondary

Good

Fair

Poor

Classical

Light Factors
Wavelength

" Luminance
Luminance contrast
Direction of contrast
Luminance variations
Color contrast

Symbol Factors
Height
Width
Stroke width
Height-to-width ratio
Font
Horizontal spacing
Vertical spacing

Display Surface Factors
Size of usable area
Height-to-width aspect ratio
Glare

XXX

HKREXXRXX XXX '

XXX KKK d

XXX XX

Modern

Optical Factors
Defocussing

Temporal Factors
Refresh Rate

Electronic Factors
Long-term instability (drift)
Short-term instability (jitter)
Linearity
Positioning accuracy

Symbol Generation Factors
TV raster-scan
Vertical resolution
Video bandwidth
Direction of scan
Direction of contrast

Dot matrix
Number of dots in matrix
Dot element shape
Dot separation
Missing, distorted, or

misplaced dots

Stroke Matrix
Generation technique
Stroke-matrix size
Writing speed
Positioning accuracy

x

»x XX XX XX XX

KXt

XX

bl

KX

KKK XK

X)X
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SECTION 2

YISUAL DISPLAY PARAMETERS



2.0 VISUAL DISPLAY PARAMETERS
2.1 Definitions

a. Bandwidth. The difference between the limiting frequencies of a con-
tinuous frequency band. Specifying the bandwidth, which is basic to any display system,
describes the available resolving power of the system. Resolving power refers to the
vertical, horizontal, and time (frame rate) resolution capabilities of the system and also
involves grey levels.

Commercial television bandwith is approximately 4 MHz with certain high
resolution TV systems achieving 25 MHz (Humes & Bauerschmidt, 1968).

b. Brightness. (Photometrically defined as luminance.) The amount of light
emitted from the display surface. Also, the luminous intensity of any object as viewed by
an observer. Brightness is commonly expressed in foot-Lamberts (fL) or candles per
square meter (cd/m?2). Brightness is highly subjective and depends on object size, viewing
angle, wavelength of the light, background light level, and adaption of the eye. The
brightness ratio between the display viewed and the surrounding area should be close to
2:1 for best viewing conditions. Figure 17 indicates the minimum visual angle that an
observer can resolve at various background brightness levels--the greater the brightness
the ratio, the smaller the object that can be recognized.

VISURL ANGLE IN MINUTES

= ) 1] 1 2 3 4
BACKGROUND BRIGHTNESS IN LOG MILLILAMBERTS

Figure 17. Minimum visual angle resolved at various brightness levels
(Moon & Spencer, 1944),
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Brightness levels for most complex displays under normal ambient illumina-
tion vary from 20 to 70 fL. ‘Symbol brightness on CRT displays is about 46 fL. Any
luminance above approximately 25 fL is probably adequate, assuming adequate contrast.
For values below this, it is difficult and expensive to reduce background luminance

sufficiently to maintain adequate contrast. Brightness of displays used in dark adapted
areas (radar, sonar, CIC, etc.) should be below 2.0 fL.

The sources reviewed by Banks, Gertman, and Petersen (1982) made a
number of recommendations for brightness, but, before reviewing them, it is desirable to
identify these sources and list the acronyms with which they will be referred to herein:

(1) The Technical University of Berlin--TUB (Cakir, Reuter, von
Schmude, & Armbruster, 1978). :

(2) Defense and Civil In

stitute of Envrionmental Medicine, Toronto,
Canada--DCIEM (Gorrel, 1978).

(3) DIN (German Standards Organization, Draft DIN Standard 66234, no
author, no date).

(4) Inca-Fiej Research

Association, Federal Republic of Germany--VDT
(Cakir, Hart, & Stewart, 1979).

(5) MIL-STD 1472C--MIL-STD (Department of Defense, 1981).

(6) International Business Machines Corporation--IBM (Engel & Granda,
1975).

(7) British Royal Navy--BRN (1971).

(8) EG&G Idaho, Idaho Falls, Idaho--EG&G (Banks, Gertman, & Petersen,
1982).

(9) Swedish National Board of Occy

pational Safety and Health--SNBOSH
(Directive 136, January 1, 1979).

(10) University of London--U of L (Reading, 1978).
The following recommendations were made with regard to brightness:

(1) EG&G--65 cd per m? minimum under sufficient contrast conditions.
(2) DCIEM--25 L (85 cd per m?) minimum.,

(3) VDT--45 cd per m? minimums; 80 to 160 cd per m? preferred.
(4) BRN--30 to 160 cd per m2.

Snyder and Maddox (1978) conclude th
per m? is adequate as long as sufficient contrast is
for terminals used in a typical office environment.

at any display luminance above 65 cd
maintained. This value is reasonable

C. Aspect ratio, symbol. The ratio of display-symbol width to height. An
optimum value is difficult to pinpoint. On nonelectronic displays, a ratio of 3:4 produces

greatest legibility. Values from 1:2 to 1:1 are acceptable (Buckler, 1977). This is not a
significant parameter.

2-2
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c. Aspect ratio, display. The ratio of rectangular display screen width to
height. Common values are:

(1) TV commercial--4:3 (1.333),
(2) Motion picture, 16 mm--1.338.
(3) Motion picture (standard screen), 35 mm--1.373,

d. Chromaticity. The color quality of light as defined by chromaticity coordi-
nates of the Commission Internationale de I'Eclairage (CIE) color coordinate system (see
Figures 18 and 19). It accounts for dominant wavelength and purity only. Chromaticity is
specified by the location on the X and Y axes of a sample color on the spectrum locus.
The spectrum locus represents the chromaticities of spectrally pure stimuli. Purity is
determined by the location of the sample color in relation to a reference white. Color
recommendations for CRT displays are as follows:

(1) EG&G-—User's choice as long as there is no interaction between screen
hue and the hue or shades of symbol colors.

(2) TUB--Yellow-green most suitable; symbol and background colors
should be similar.

(3) DIN--Green through orange.
() DCIEM—Green or white only.
(5) VDT-Personal preference.

As can be seen, the recommendations are either user's choice or green/white, which
suggests that user's choice is most reasonable.

0.9; . I : I . T 1
0.8 }—

) . —

[ I I

|
8.1 0.2 B.3 0.4 0.5 0.6 0.7

X

Figure 18. Division of real chromaticities into spectral and non-
spectral parts (Kelly, 1965).
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0.000 .100 .200 .300 .400 .500 .600 .700 .800

Figure 19. The (x,y)-chromaticity diagram of the international
commission on illumination system.

Note. The abscissa, x, is the ratio of the tristimulus value, X, to the sum of all three
(X+Y+Z). The ordinate, y, is the ratio of Y to this sum. The parts of the spectrum locus
are identified by wavelength in millimicrons. The region bounded by this locus and the
straight line (purple border) joining its extremes represents all chromaticities producible
by actual stimuli. The division of this chromaticity diagram into a number of regions
corresponding to various hues surrounding a central region to which no hue name is given
is from Kelly's work on color designations for lights. It refers to observation of self-
luminous areas against a dark background (Judd, 1950).
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f. Contrast, percent of. Ratio of object brightness (B ) to background
brightness (B ) Percent of contrast (C) may be defined as:

Do = e D (O (2.1)

In this equation, the object is brighter than the background. Contrast can vary from 100

to 0 percent for objects darker than their background and from 0 to infinity for objects

brlghter than their background Where the background is brighter (B ) than the object
) the following equation may be used:

Bmax - Bmin
%C = X 100. (2.2)

min

g. Contrast efficiency. Still another way of expressing contrast is by the ratio
of the luminance difference to luminance sum:

B - |
c - max min . (2.3)

+ B .
max min

This quantity is sometimes called modulation (see paragraph 2.1.bb), modulation contrast,
and visibility ratio.

Self (personal communication) considers it better to use

Bmax B I:."min
- C = ‘ (2.4)

B
max

for targets either lighter or darker than their background (then varies f-om 0 to 100
percent for either).

h. Contrast ratio. Contrast ratio (CR) is expressed as the ratio of maximum
luminance to minimum luminance:

Bmax " ESmin
CR = . (2.5)
Bmin

Figure 20 shows contrast thresholds for various brlghtness levels and object sizes for 99
percent probability of detection. Figure 21 shows minimum visual angles for various
contrast ratios. Both Figure 20 and Figure 21 should be used with caution, since they
reflect laboratory situations only.



TARGET SIZE -
MINUTES OF VISUAL ANGLE

.81 , —
-00001 .0001.001 .01 .1 19 190 1000

BACKGROUND LUMINANCE - mL

Figure 20. Relation between target size, threshold background
luminance, and contrast (Lovelace Foundation, 1968).

VISUAL ANGLE (MINUTES)

g ] | 1 _Ll_l _ ININLLR
! 2 3 45678918 20 324958 70 108
CONTRAST (PERCENT)

Figure 21. Minimum visual angles for various contrast ratios at three
levels of background illumination (Cobb & Moss, 1928).
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Another factor related to contrast is the ratio of display luminance to
surround luminance. Buckler (1977) recommends a display-surround contrast of no more
than 2:1. The definition of the contrast ratio for CRT displays is a special case where the
writing is usually brighter than the background, and the frequently used form to express
this type of contrast is

Gl = ==lEEEEE , (2.6)

where Bs is the brightness of the screen from ambient light and B is the brightness of

the written line when ambient light is excluded (Bryden, 1969).

A minimum contrast ratio of 3:1 to 4:1 is a rather common recommendation.
However, a number of authorities provide varying standards:

(1) TUB--5:1 to 10:1 with a background of at least 20 cd per m2,
(2) DIN--3:1 minimum, 6:1 to 10:1 preferred, 15:1 maximum,
(3) DCIEM--4:1 minimum in an ambient of 75 to 100 fc.

(4) VDT--3:1 minimum, 8:1 to 10:1 optimum with a background luminance
of between 15 and 20 cd per m?2,

(5) MILSTD--10:1 minimum using white on black background.
(6) IBM--0.875 modulation contrast.

(7) EG&G--Variable from 4:1 to 7:1 depending upon ambient lighting and
user preference.

(8) Buckler (1977) gives a range of 8.5:1 to 10:1.

CRT symbols tend to be relatively blurred due to the relatively gradual
(rather than sharp) symbol-background luminance gradients. Contrast enhancing devices
all too often enhance contrast at the expense of a reduction in luminance (and frequently
with additional symbol blurring).

i,  Dynamic visual acuity. Most of the measures of visual acuity are for static
conditions. In some display situations, the observer will be called upon tc detect,
recognize, or identify moving targets. Dynamic visual acuity is generally defined in terms
of the smallest detail that can be detected when the target is moving. At speeds above 20

degrees per second, angular movement of the target decreases the threshold of visual
acuity,

Dynamic visual acuity as a function of age is shown in Figure 22 for
minimum separable acuity and target motion--through 180 degrees. The loss of acuity
incre)as&s rapidly as the rate of motion exceeds 60 degrees per second (Grether & Baker,
1972). ‘
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Figure 22. The variation of static and dynamic visual acuity (DVA)
with age (after Burg, 1966).

joFlicker. A fluttering (flashing) sensation caused by picture brightness
alterations. Flicker is no longer perceptible above a critical flicker frequency (CFF),

usually considered to be 30 to 55 Hz. The primary determinants of flicker for a specific
display are the following:

(1) Frame rate.

(2) Brightness.

(3) Ambient illumination.

(4) Phosphor used.

(5) Visual angle (subtended by the display).
(6) Amplitude and waveform of the variation.
(7) Location of the stimulus on the retina.,

Figure 23 .shows the relationship between CFF, display brightness, and frame rate for
certain common phosphors (Bryden, 1969).

In general, a 60 Hz regeneration rate, which is the rate of home television
receivers, is sufficient to prevent the preception of disturbing flicker. The aim is to
establish the lowest possible regeneration rate for a given set of display conditions in
order to minimize the bandwidth necessary to carry the information to the display. An
increase in regeneration rate means a decrease in the .number of picture elements or
characters that can be displayed at one time for a given bandwidth. Individual observer

differences limit the accuracy of prediction of minimum required regeneration rate to
from + 10-to * 25 percent.
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Figure 23. Lowest frame rate that will give freedom from flicker for
90 percent of observers.

CFF is proportional to the logarithm of both angular size and luminance.
Voltage variations within a system can result in as much as 15 Hz variation in the
regeneration rate required to prevent display flicker.

In practice, phosphor and ambient illumination are the main determinants
of required frame rate. Long persistence phosphors have relatively low brightness
modulation and, hence, relatively low frame rates will be required to prevent flicker.
These percentages can be calculated from the JEDEC (1966) persistence curves for any
phosphor and any regeneration period. In Table 15, several phosphors are rankec in terms
of their persistence for frame rates of 1/30 and 1/60 second. Figure 24 illustrates the
effect of various levels of ambient illumination on CFF.

k. Fluorescence. Luminescence having a persistence shorter than IO'8 sec-
ond. This is the initial output from a phosphor when activated.

l.  Foot-candle (fc). A unit of illumination, equal to the amount of light
falling on an area of | square foot that has received a uniform light flux of 1 lumen.

m. Foot-Lambert (fL). A unit of brightness equal to the brightness of a per-
fectly diffusing and reflecting surface illumination by | foot-candle.

n. Frame rate. Speed in Hz with which a displayed image is updated
(alternatively referred to as regeneration rate, update time, refresh rate, etc.). Frame
rate is of primary concern, from the human factors standpoint, because of its causal
relationship with flicker. The recommendations made for minimum refresh rate are:

(1) TUB--50 Hz.
(2) DIN--50 Hz.
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(3) U of L--50 to 60 Hz for normal ambient light conditions.

(4) DCIEM--60 frames per second.

(5) VDT--50 to 60 Hz.

(6) EG&G--60 Hz, except when very low level ambient lighting exists;
then 30 Hz interlaced is acceptable with long persistence phosphors, as long as no
perceptual flicker can be detected.

GB! T i
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Figure 24. Critical flicker frequency at various brightness levels
(Stevens, 1951).
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EG&G pointed out that the purpose of these recommendations is to provide
a flicker-free display. Since several fflctors contribute to the perception of
flicker--refresh rate being only one--it would be more appropriate to state a functional
requirement (i.e., that the display should not appear to flicker under specified luminance
settings and ambient light conditions). w

Jones, Freitag, and Collyer (1974) suggest that, if the frame rate is slow
enough to produce flicker, the problem could be counteracted by increasing the
interlacing (see paragraph 2.1.t) beyond the customary 2:1 or by employing storage
circuitry that enables the same scene to be presented on successive frames. If such
changes are unacceptable for design reasons or other considerations, then the field rate
(equal to twice the frame rate for a 2:1 interlace) should not fall below the CFF for the
display luminances encountered. It is difficult to predict CFF from laboratory data using
square-wave pulses because of the nature of the raster-scan process, the characteristics
of the particular phosphor used, etc. The general relationship is that flicker will be
perceived at higher repetition rates as the average luminance level increases. The
likelihood of flicker can thus be reduced by reducing display luminance. A second
procedure is to utilize a longer-decay phosphor. This approach is effective only if there is
relatively little image motion, because image motion produces smear with a slow
phosphor. Carel (1965) presents curves that show CFF for a variety of phosphors and

2-10
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viewing distance/screen diameter ratios (p). The determination of p is important because
CFF increases as p decreases. As a general guide, a frame rate of 30 per second (2:1
interlacing) will not produce flicker if the average display luminance is approximately 10
to 30 fL (34.3 to 103 cd per m?) and the highlight luminances (comprising a small portion
of the total display) do not exceed 150 fL (514 cd per m?2), :

o. Gain. Brightness of a viewed image is a function of screen gain. Gain is
defined by the following ratio:

. B Luminance (fL) .
it B Humination (fc) (2.7)

p. Glare. Glare is the problem of specular (mirror-like) reflections from the
first (outer) surface of the display. The following recommendations were made:

(1) EG&G--No glare on CRT screens is permissible,

(2) TUB--Diffusing surface recomménded; avoid eye-focusable reflec-
tions.

(3) DIN--Antiglare techniques include using diffusing éurfaces, micromesh
filters, thin film optical coatings, sprays, hoods, and combination filters.

(4) DCIEM--An antireflection treatment is required.

(5) VDT--Order of preference for control of glare: (a) thin film (anti-
reflection) optical coating, (b) diffusing surfaces, (c) polarization filter, and (d) micromesh
filter.

(6) SNBOSH--Avoid bright reflections from the screen.
(7) MILSTD--Glare shall be kept to its absolute minimum.

All sources agree that glare should be eliminated if at all possible. Elimination of glare
may be impractical under conditions where CRT equipment is portable (e.g., moved from
one part of the room to another).

From a display design standpoint, sunlight shining on a phosphor screen
represents the most severe ambient lighting condition. The direct effect o’ this ambient
lighting is reduction of the contrast ratio (CR). When the ambient illumination strikes the
display at an angle, the CR equation is modified to:

P + Ar

R S : (2.8)

where

Maximum luminance of the display in fL (not including reflected light).
Ambient luminance measured at the phosphor with a diffuse reflector in
fL.

Coefficient of reflectivity, a coefficient of angle of incidence.

> o
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-
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q. Grey scale. The rendition of tones or shades of grey in the gamut from
black to white. In normal practice, grey shades are defined as luminance levels related by
the square root of 2 or 1.414 (/2). The dynamic luminance range within an image must be

32:1 for a 10-step grey scale, since (/.2)10 Do 32 (Altman et al., 1968).

The contrast or display brightness required for an observer to distinguish
grey levels will be affected by image size, visual dwell time, and the brightness difference
between the ambient illumination and display brightness. The luminance requirements for
any given number of successive grey shades can be calculated based upon the visual angle
subtended by the image, the background luminance, and the contrast ratio of a given
display. By computing the requirements of each adjacent luminance level, the dynamic
range needed can be calculated for any number of grey shades.

r. Hertz (Hz). Cycle per second.

s. IHlumination, ambient. Ilumination for a viewing area should not be
excessively brighter or darker than that of the immediate display surrounds to avoid loss
in the observer's contrast sensitivity., Performance is further influenced by surround
reflectance. Darker surrounds can require significantly more illumination than light
surrounds for the same visual performance (Ozkaptan et al., 1968). Table 4 presents the
optimum ambient illumination for various situations. EG&G recommendations ares

(1) BRN--150 to 720 Ix.

(2) TUB--50 Ix.

(3) DIN--300 to 500 Ix for work stations with negative-image (light
symbols on a dark background) displays, 500 Ix minimum for work stations with positive-
image displays, 200 Ix if display surface is tilted 20 degrees.

(#) U of L-500 to 750 Ix.

(5) DCIEM--50 to 100 fc.

(6) VDT-—300 to 500 Ix.

(7)  SNBOSH--200 to 300 Ix.
(8) MILSTD--Whatever is appropriate.

‘EG&E (Banks, Gertman, & Peterson, 1982) comments are:

(1) One would expect ambient light level recommendations to be rather
consistent. However, different objectives have been addressed, and that has resulted in
some variation in the recommended ranges of ambient light levels,

(2) The intent of the SNBOSH recommmendation is to provide an ambient
light environment that is satisfactory for many tasks and to permit a display contrast
ratio of about a 15:1 or more. The SNBOSH directive also states that supplementary
lighting for source documents (and the like) may be used at the work station.
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Table 4

Levels of Illumination Currently Recommended for Specific Visual Tasks

(Taken from Meister & Sullivan, 1969)

Footcandles
Work Area or Task on Task
Assembly and Repair
Rough easy seeing (installing chassis in rack) 30
Rough difficult seeing (component replacement) 50
Miedium (soldering wires to a connector) 100
Fine (electronic micromodules) 500
Bench Work
Rough easy seeing 39
Rough difficult seeing 50
Medium 100
Fine 500
Control rooms 50
Console surfaces and/or panels 50
Dials, gages, meters, and scales® (on face) 50
Equipment racks and panels 30
Emergency lightingc 3
Inspection
Ordinary 50
Difficult 100
Very difficult 500
Office Work
Cartography and detailed drafting. 200
Accounting, auditing, tubulating, bookkeeping, business machine
operation, reading poor reproductions, and rough layout drafting. 150
Regular office work-—reading good reproductions, reading or trans-
cribing handwriting in hard pencil or on poor papér, active filing,
etc. 100
Reading or transcribing handwriting in ink or medium pencil on
good quality paper and intermittent filing. 7L
Reading high-contrast or well-printed material, tasks, and areas
not involving critical or prolonged seeing, such as conferring and
interviewing. 30
Testing
General 560
Electrical equipment or equivalent 100
Radar displays (plan position indicator) 0.19
Switch boards 50
Information boards 50
Teletype machines 150

2\Minimum level for the task at any time.

b‘\ steel scale with 1/64-inch divisions requires 180 fc of light for easy reading.

CLevel measured 30 inches above floor.

dMaximum on task at any time for cathode-ray tube using P7 phosphor.
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(3) The U of L and DCIEM recommendations are intended to provide
adequate illumination for reading the source document and to follow general illumination

recommendations for that type of task. There really is not a conflict between these
recommendations and the SNBOSH recommendation.

(4) The German Illuminating Engineering Standard, DIN 5035, requires a
fairly even illumination over the work station surface, It would be difficult to use
supplementary lighting at a work station and comply with that standard. The 200 Ix
ambient light level recommended for work stations with a tilted display surface would

seem unreasonably low if the task at the terminal also included the reading of source
documents (p. 15).

: The most obvious way of controlling ambient light is by means of filters.
Where a sunshade is not possible and controlling the ambient conditions is not practical, a
more sophisticated method is available for improving the contrast ratio of a display. It
involves the use of limited acceptance angle filters or neutral density filters based on
polarization principles (Humes & Bauerschmidt, 1968).

Another troublesome aspect of ambient illumination incident to displays is
the problem of glare. Thresholds for target perception become higher as glare luminance
increases, area of glare source increases, distance between glare source and display

decreases, and image or display size is decreased." Figure 25 shows the relationship
between image luminance and glare luminance.
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Figure 25. Relationship between image threshold luminance and

glare luminance (thresholds increase as glare luminance is
increased) (Wolf & Zigler, 1959).
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t. Interlacing. A technique for eliminating display flicker without increasing
the date rate, thus conserving bandwidth. TV systems normally employ an information
update rate of 30 frames per second. At this frame rate, flicker would be noticeable at
typical display luminance levels. To increase the frame rate, the scanning spot would
have to move across the display at a faster rate and, therefore, to maintain the same
horizontal resolution, the bandwidth would need to be increased.

To maintain frame rate at 30 frames per second and avoid flicker, the

standard procedure is to cause the CRT beam to write every other line and then start at

the beginning to fill in the "spaces." This technique, which is called 2:1 interlacing,
results in a field rate of 60 per second, while the information update rate is still only 30
per second. Although each individual line is still flashing 30 times per second, at normal
viewing distances, flicker is imperceptible because the resolution of the eye is sufficiently
low at such a high spatial frequency.

Although an interlace ratio of 2:1 is standard, in some applications it could
be desirable to use a higher ratio. For example, if a CRT were designated for use in a
high ambient illumination environment, the display luminance might be high enough to
cause flicker at a rate of 60 fields per second. By using a 3:1 interlace, a 90 per second
field rate would be obtained. As another example, if the scene is changing slowly so that
the information update rate of 30 per second is not needed, it might be desirable to
employ a lower frame rate; therefore, the bandwidth could be reduced or resolution
improved., At 20 frames per second, a 3:1 interlace would bring the field rate to 60 per
second again. In ordinary applications, there would be no advantage to increasing the
interlace ratio unless frame rates were simultaneously reduced.

u. Image polarity. Image polarity refers to the nature of the CRT display,
either positive (dark symbols on light background) or negative (light on dark). The
following recommendations were made:

(1) EG&G--User's choice.
(2) TUB--Positive preferred.

(3) Negative presentations are unfavorable for perception (Rey & Meyer,
1977).

According to Rupp (1981), image polarity is of considerable concern in Europe--presum-
ably less so in this country. A number of reasons exist for preferring positive polarity,
although the empirical evidence is dubious on this point. TUB (Cakir et al., 1978) reports
a study that indicated the pupillary response mechanism might be stressed if there are
frequent refixations between a source document and a negative-image display. However,
Rupp (1981) did not find this when he duplicated the TUB study.

v. Lambert (L). A unit of luminance equal to that of a perfectly diffusing and
reflecting surface illuminated by a standard candle at a distance of | centimeter (cm).
One milliLambert (mL), which is | thousandth of a Lambert, is very nearly equal to 1
foot-Lambert (fL). One fL is a unit of luminance equal to that of a perfectly diffusing
and reflecting surface illuminated by 1 fc. (Conversion factors are given in Table 5.)

w. Lines. The limiting spatial frequency that an optical or photographic
system or element can resolve in terms of lines. Resolution is often expressed in terms of
lines or line pairs per mm. For example, lines per MHz indicate the horizontal resolution
per MHz of bandwidth in TV applications.
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For a given bandwidth, as the number of scan lines increases, resolution

across the raster is improved at the expense of resolution along the raster. In general, the

following theoretical relationship holds:

(RAS 1) (Rbs 1) (frame rate) (scan line length/raster) ‘

Bandwidth = (2.9)
1.2
where
RAS 1 = Number of TV resolution elements along the scan line,
Rbs 1 = Number of TV resolution elements across the raster (or between

the scan lines),
0.7 (lines/field) (Interlace ratio), and

0.7 is the assumed Kell factor (Humes & Bauerschmidt, 1968).

Figure 26 represents the several alternate usages of the term "line" as
related to display work; care must be taken to define the way in which "line" is being used
properly (i.e., in TV work, the scanned line and the intervening blank line are counted as
two lines, while, in optical work, the scanned line and the intervening lines are counted as
one line pair). '

ONE
ONE LINE PRIR OPTICAL LINE
ONE ONE CYCLE EQUIVALENT
PHOTOGRAPHIC - TO TWO
LINE ' TV LINES

Figure 26. Alternate definitions of "line."
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Figure 27 represents a standard resolution target (used to measure the
resolving capability of optical systems) and Figure 28 shows the relationship between
number of TV lines, frame rate, and bandwidth (D'Aiuto, 1969).
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Figure 27. Standard resolution target.
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Figure 28a. FM = 0 to 7 Hz and N = 0 to 60 frames per second.

Figure 28. Relationship between frame rate (N), number of TV lines
(n), and bandwidth (FM).
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Figure 28b. FM = 0 to 2KHz and N = 0 to 10 frames per second.
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Figure 28c. FM = 0 to 500 KHz and N = 0 to 1.0 frames per second.



x. Luminance (L). The amount of luminous flux emitted in a given direction
from an extended source. It is measured in lumens per unit area per steradian and is
commonly expressed in foot-Lamberts (fLs).

Brightness (B) is the subjective impression of luminance (L) and under
controlled conditions the two are approximately related by a power function

o (S (2.10)

where K is generally between .3 and .5 for small homogeneous, fields. However,

departures from this simple relationship occur for complex pictures between 10 to 100
mL. ' :

Symbol brightness is independent of symbol area because brightness has
been shown to be approximately independent of area for areas subtending an angle at the
eye greater than 2 minutes, which is much smaller than an individual symbol. It has been
shown, however, that, when individual elements (matrix dots) of a symbol subtend less
than 2 minutes, legibility (as defined by the accuracy with which observers recognize

tachistoscopically presented numerals) depends upon the product of element size and
luminance,

Symbol brightness is not affected by brightness of the backgrou'nd (i.e.,
symbol brightness is independent of contrast). )

Brightness does depend, however, upon the sharpness of the edges of the
image. This is relevant because of the relatively blurred (compared to hardcopy) symbols

on CRTs. A nearly linear positive relationship exists between brightness and sharpness
(Gould, 1963).

Standards for screen luminance in viewing motion pictures are:

(1) Minimum--5 fL.

(2) Adequate—10 fL,
(3) Excellent—15 fL,
(4) Maximum—20 fL.

y. Lumen. The basic unit of photometry is equal to the flux produced by a
point source of 1 candle within | steradian.

z. Megahertz (MHz). Equal to | million cycles per second.

aa. Misregistration. Registration is the superimposition of a homomorphic
image to form a composite single image. Misregistration is the degree or percent of
misalignment of these images and is defined as: '

Misregistration = =l Uy 100%, (2.11)
S
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where

=
"

the stroke width of the misregistered image,

w
1

the stroke width of the perfectly registered character.

By this definition, an image with O percent misregistration is completely aligned while an
image with 100 percent misregistration represents two distinct images precisely adjacent
to each other. Snadowsky, Rizy, and Elias (1964) recommend that misregistration cannot
exceed 33 percent under operational conditions without loss of pe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>